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Abstract—A new technique to retrieve precipitable water vapor (PWV)
amount  in  the  clear-cloud  transition  zone  using  ground-based  zenith
spectral radiance is  developed.  The method uses zenith radiances at the
water vapor band at 720 nm and adjacent non-absorbing band at 750 nm.
Radiative transfer calculations show that the relative difference in zenith
radiance between the two bands depends on PWV and the variations in
cloud  optical  depth  introduce  a  small  change  in  the  relative  difference
which is  independent  of  PWV amount.  This  allows us to retrieve PWV
variations in the  cloud-clear  transition zone for  clouds  over  dark ocean
surface. We applied this method to a Cu cloud case with zenith radiance
observations by the Shortwave Array Spectroradiometer-Zenith (SASZe)
during  the  Marine  ARM GPCI Investigation  of  Clouds  (MAGIC)  field
campaign. We found that there is about 10% change in PWV amount from
known-cloudy region to known-clear sky in cloud edges.

Index Terms— Atmosphere, Sensing platforms

I. INTRODUCTION

The  transition  zone  between  cloudy  and  cloud  free  areas  is  a
special region in the atmosphere. The transition zone is a “gray” area
with  the particle  size  and associated optical  properties  are  neither
cloud-like nor clear-like. The size of the transition zone ranges from a
few hundred meters up to several kilometers (see [1], [2], [3], [4]). In
the  transition  zones,  cloud  droplets  evaporate  and  shrink,  aerosol
particles are humidified and swollen, water vapor dilutes as relative
humidity decreases from 100% in clouds to environment values away
from clouds (see [2], [5], [6], [7]). It was shown [8] that about 50% of
clear areas are within 5 km from conventionally identified low-level
water clouds. Thus, the transition zone has strong impact on climate
forcing (see [2], [9]. It is necessary to better understand the variations
of cloud and aerosol properties in the transition zone for improving
the estimates of aerosol radiative forcing and reduce the uncertainties
in cloud models of entrainment and mixing processes.

Satellite  data  (e.g.,  [2],  [10],  [11]),  ground‐based  observations
(e.g.,  [12],  [13]),  and aircraft  measurements (e.g.,  [14],  [15]) have
been used to understand aerosol and cloud properties in a transition
zone.  Recently,  the  ground‐based  shortwave  spectrometer
observations  of  the  Atmospheric  Radiation  Measurement  (ARM)
program have  been  used  to  study  variations  of  optical  depth  and
particle size at the cloud edges [16], [17]. 

The Shortwave Array Spectroradiometer‐Zenith (SASZe) is one of
the standard instruments of the AMR program [18], [19]. It measures
the  hyperspectral  zenith  radiance  of  scattered  radiation  within  a
narrow viewing  angle  with  high  sampling  frequency,  allowing  to
capture  fast  processes  of  cloud‐aerosol  interactions  during  mixing
and entrainment processes. The shortwave spectrometer observations
of  ARM have  been  used  to  study  the  radiative  properties  of  the
transition zones (e.g., [16], [17], [20], [21], [22]). 

The  SASZe  observations  at  ARM’s  SGP  site  and  during  the
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MAGIC campaign over the Pacific Ocean were analyzed to study the
variations of optical depth and particle size [17]. However, variability
of water vapor at  the cloud edges remains a challenging task.  We
have developed a new technique to retrieve precipitable water vapor
amount at cloud edges. In this paper, the method for retrieval of water
vapor  is  presented  in  section  2.  Section  3  demonstrates  the
application  of  the  technique  to  SASZe  observed  zenith  spectral
radiance. The summary is provided in section 4. 

II. RETRIEVAL METHOD

Two solar spectral bands carrying different optical information are
useful in atmospheric remote sensing. A pair of non-absorbing and
absorbing bands were used to retrieve cloud optical depth and droplet
effective radius [23]. This method has been used routinely for cloud
retrievals for MODIS, VIIRS, and other spaceborne radiometers. The
ground-based zenith radiance observations at  a visible and a near-
infrared (NIR) bands were used to retrieve optical depth of 3D clouds
over vegetation surface [24]. Water vapor and atmospheric window
channels  were  used  to  retrieve  column  water  vapor  amount  from
airborne and satellite instruments [25], [26].

Same concept can be applied to water vapor retrieval from ground-
based solar radiance observations. To derive column PWV amount,
we need to find an appropriate water vapor absorbing band together
with  an  adjacent  non-absorbing  reference  band in  solar  spectrum.
There  are  several  water  vapor  absorption  bands  in  the  SASZe
wavelength region, including 1.87, 1.38, 1.1, 0.94, 0.82, and 0.72 m
as shown in Fig.1 for  the transmittance for  clear  atmosphere.  For
retrieving PWV we have chosen the 0.72  m band. This is because
1.87 and 1.38  m bands  are  so  strong  that  little  amount  of  solar
radiation  can  reach  the  surface  and  are  not  useful  for  retrieving
precipitable water vapor amount from ground-based radiometer;  in
addition, the TOA solar irradiance at the 1.1 and 0.94 m bands are
much  weaker  than  that  at  0.72  m.  SASZe  observes  scattered
radiance in zenith direction.  From cloudy to cloudless sky,  optical
depth decreases. In optically thin regime, single scattering dominates
and the radiance is proportional to the optical depth (e.g. [27]). Both
molecular and aerosol scattering optical depths at longer wavelengths
are much smaller than that at 0.72 m. This will make the scattered
zenith radiance at 1.1 and 0.94  m even smaller compared to 0.72
m. Though both TOA irradiance and surface radiance at 0.82  m
band is much larger than those at longer wavelengths, the 0.82  m
water vapor band is weaker than 0.72  m. Thus, the pair of water
vapor  absorbing band at  0.72  m together  with the adjacent  non-
absorbing band at 0.75 m can be considered the optimal choice for
water vapor retrieval from zenith looking spectrometer observations. 
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Fig. 1.  The atmosphere transmittance as a function of wavelength (300-
2400 nm) for a mid-summer latitude atmosphere calculated using SBDART
radiative transfer code with MODTRAN-3 solar spectrum, (a) for wavelength
region  of  300-2400  nm,  (b)  for  wavelength  region  of  650-850  nm  with
absorption bands indicated. The solar zenith angle is 20.

Since  the  two  bands  are  so  close,  the  atmospheric  scattering
properties are similar. The radiance difference between the two bands
depends primarily  on water  vapor  amount  in  the atmosphere.  The
Santa Barbara DISORT Atmospheric Radiative Transfer (SBDART)
radiative transfer code [28] is used to perform a series calculation to
demonstrate this fact. Here we focus on boundary layer clouds over
dark ocean surface with albedo about 0.03 at 750 nm. Fig. 2a shows
radiative  transfer  calculations  for  relative  difference  of  zenith
radiance between the two bands as a function of cloud optical depth
with different effective radii  for boundary layer  clouds,  where the
radiance  is  normalized  by  the  top-of-atmosphere  (TOA)  incident
spectral  solar  irradiance.  Indeed,  the  relative  radiance  difference
depends  mainly  on  column  PWV  amount  and  weakly  on  cloud
optical depth, and is almost independent of effective radius. For given
PWV amount, there is slightly increase of about 0.02 in the radiance
difference as cloud optical depth increases from 0 to 5. This cloud-
induced  radiance  amount  is  almost  independent  of  PWV amount.
Since cloud edges are not optically thick, this cloud-induced radiance
amount may be considered as the upper bound of radiance difference
due to changes in cloud optical depth when we focus on PWV in
cloud edges.

Fig. 2.  The results of the radiative transfer calculations using the Santa
Barbara  DISORT Atmospheric Radiative Transfer  (SBDART) code for (a)
relative difference in zenith radiances as a function of cloud optical depth for
different  precipitable  water  vapor  and  cloud  effective  radius;   (b)  relative
difference in zenith radiances as a function of precipitable water vapor amount
for different cloud optical depth with effective radius of 4 m for solar zenith
angle of 20 and aerosol optical depth of 0.2. 

For  a  given  cloud  optical  depth,  the  radiance  difference
monotonically increases with PWV (Fig. 2b). This allows us to derive
the  change  of  PWV  from  the  change  in  the  relative  radiance
difference.   

Here we have shown that the relative radiance difference between
720 and 750 nm bands depends mainly on PWV amount  and the
radiance difference is monotonically related PWV. The next section
describes the application of this technique to SASZe observations. 

III. APPLICATION TO SASZE OBSERVATIONS DURING MAGIC FIELD

CAMPAIGN

SASZe  is  one  of  the  standard  instruments  that  measure
hyperspectral zenith radiance in the AMR program [18], [19]. The
light collector incorporates a collimator yielding a 1.0° Full Width at
Half  Maximum  (FWHM)  field  of  view  (FOV).  The  instrument
consists  of  two  Avantes  fiber‐coupled  grating  spectroradiometers.
One  radiometer  covers  the  wavelength  range  about  300‐1100  nm
with the pixel spacing of less than 0.6 nm and a spectral resolution of
about 2.4 nm FWHM, while the other covers the spectral range about
950‐2100 nm with a pixel spacing of less than 4 nm and a spectral
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resolution  of  about  6‐nm  FWHM.  The  instrument  sampling
frequency  is  1  Hz,  approximately  corresponding  to  a  spatial
resolution of several meters depending on the horizontal wind speed
and  the  altitude  of  cloud.  Figure  3  shows  an  example  of  zenith
radiance spectrum observed by SASZe. The high sampling frequency
spectral radiance observations from SASZe were used to study the
variations of cloud optical depth and droplet size at cloud edges [16],
[17]. Here we apply the new technique to study column PWV at the
cloud edges.

Fig. 3.  An example of spectral zenith radiance observed by SASZe during
MAGIC campaign on July 13, 2013. Solar zenith angle is 23. 

We used SASZe zenith radiance measurements during the Marine
ARM GPCI Investigation of Clouds (MAGIC) field campaign [29] to
test  the  technique.  The  MAGIC is  the  Global  Energy  and  Water
Cycle Experiment (GEWEX) Cloud Systems Study Investigation of
Clouds  field  campaign.  The  ARM  Program  Mobile  Facility  2
(AMF2) has been deployed on the commercial cargo container ship
from  October  2012  to  September  2013  with  20  round  trips.  The
MAGIC transect is the line from Los Angeles, California (33.7°N,
118.3°W)  to  Honolulu,  Hawaii  (21.3°  N,  157.9°  W).  MAGIC
provided  unprecedented,  intraseasonal,  high  resolution  ship‐based
observations  in  order  to  improve  understanding  of  the  Sc‐to‐Cu
(stratocumulus-to‐cumulus) transition along this transect. The AMF2
contained a state‐of‐the‐art instrumentation suite and was designed to
operate in a wide range of climate conditions and locations, including
shipboard deployments.

A  cumulus  cloud  case  during  MAGIC campaign,  case  M10 in
[17], is selected to demonstrate the application of the technique for
estimating the variability of PWV amount at cloud edges. The cloud
base is about 0.8 km with a thickness of 1.2 km (cloud top of 2 km).
The cloud fraction derived from total sky imager [30]  is 38%. The
width  of  cloud  edges  is  about  140  m.  More  detailed  information
about this case is described in [17].

             

Fig. 4.  (a) An example of SASZe observed normalized zenith radiances for
four wavelength bands at about 20:57 UTC on 13 July 2013 at 22.2 N, 155.4
W;  (b)  variations  of  the  relative  radiance  difference  for  two  pairs  of
wavelengths  (550  –  660  nm and  720  –  750  nm)  and  retrieved  PWV; (c)
corresponding TSI image.

The variations of zenith spectral radiances (with 5-second moving
average) normalized by TOA spectral irradiance multiplied by cosine
of  solar  zenith  angle,  the  relative  radiance  difference,  and
corresponding image from TSI are presented in Fig. 4. Following the
procedure  in  [17],  the  known-cloudy and  known-clear regions  are
determined at the beginning (~20.9552 UTC) and the end (~ 20.9586
UTC) of the time series (Fig. 4a, b), respectively. It is evident that the
known-cloudy  regions  are  characterized  by  large  zenith  radiances
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about 0.6 for three water vapor non-absorbing bands because of more
scatterers  and  smaller  radiance  about  0.4  for  the  water  vapor
absorbing band, while the known-clear sky is characterized by small
zenith radiance for all bands. The radiances for all bands decrease
toward cloud edges as a result of a decrease in optical depth. It is
important to note that the radiance at 720 nm is always smaller than
those  for  non-absorbing  bands.  Fig.  4b  shows  the  variations  of
relative radiance difference. In definite cloudy regions, the relative
radiance difference for two non-water vapor absorbing bands (550
nm and 660 nm) is close to zero. From known-cloudy to know-clear
sky, there is about 30% increase in the relative difference, and the
difference become less variable near the known-clear area (Fig. 4b).
Based on the spectral invariant technique, the study [17] showed the
decrease  of  droplet  size  toward  cloud  edges.  In  known-cloudy
regions, the light scattering is approximately in geometric regime and
normalized radiance depends weakly on wavelength. In known-clear
sky  areas,  Rayleigh  scattering  optical  depth  depends  strongly  on
wavelength; the wavelength dependence of aerosol scattering is much
stronger than cloud scattering depending on particle size of aerosols –
the  smaller  the  aerosol  particles  the  stronger  the  wavelength
dependence.   Thus,  the  large  increase  of  the  relative  radiance
difference in the two visible bands indicates the decrease in particle
size toward cloud edge and it is consistent with the results in [17].

With  smaller  wavelength  difference,  the  variation  of  relative
radiance difference between 750 nm and 720 nm is  much smaller
than its counterpart for 550 and 660 nm bands. Unlike 550 and 660
nm bands, the relative radiance difference between 750 nm and 720
nm varies rather linearly with time (or distance) toward cloud edges.
From the known-cloudy region to the known-clear area, the relative
radiance difference decreases from ~0.3 to ~0.26, i.e., a decrease of
0.04. We also need to consider the decrease of the relative difference
that  is  due  to  other  factors  not  to  water  vapor.  Radiative transfer
model calculations show that there is a decrease of about 0.02 in the
relative difference due to change of cloud optical depth from 5 to 0.
This decrease is independent of PWV amount as shown in Fig. 2a.
Since cloud edges are not optically thick, this decrease may serve as
the upper bound of the decrease due to cloud optical depth changes at
cloud  edges,  not  due  to  changes  water  vapor  amount.  The  cloud
induced decrease is subtracted from observed relative difference to
estimate the radiance difference attributed mainly to the change in
water  vapor  amount  from known-cloudy  to  known-clear  sky.  We
further  use  the  pre-calculated  relationship  between  the  radiance
difference  and  PWV amount  (Fig.  2b)  and  cloud  effect  removed
relative radiance difference to estimate the change in PWV (Fig. 4b).
From known-cloudy to known-clear sky there is a decrease of ~0.3
cm in PWV, about  10% decrease.  It  is  important  to  note  that  the
PWV amount of 2.5 – 2.8 cm retrieved from this method is consistent
with the microwave radiometer retrieved PWV amount of 2.6 – 2.8
cm in the same time period.

IV. CONCLUDING REMARKS

The  transition  zone  between  cloudy  and  cloudless  skies  is
characterized by the decreasing of optical depth, shrinking of cloud
droplets, swelling of aerosol particles, and reducing relative humidity
with  the  distance  from  the  cloudy  region.  This  is  the  result  of
turbulence mixing of clouds with dry air. Earlier studies have focused
on variations of optical depth and particle size in the cloud edges
using  shortwave  spectrometer  observations.  Hyperspectral  SASZe
instrument  measures  zenith  radiance  with  1  Hz  sampling  rate,
allowing us the retrieve column precipitable water vapor amount. We
have  developed  a  new  technique  to  retrieve  column  water  vapor
amount at the edges of boundary layer clouds over dark ocean from

ground-based zenith radiance observations at two wavelengths, i.e., a
water vapor absorbing band 720 nm and a non-absorbing band at 750
nm. Because the two bands are so close, the relative zenith radiance
difference depends mainly on column water vapor amount. And the
relative  radiance  difference  has  a  simple  monotonic  relation  with
column  water  vapor  amount.  Thus,  the  observed  changes  in  the
relative radiance difference can be used to estimate the column water
vapor amount. 

The  proposed  water  vapor  retrieval  algorithm  for  SASze
observations is summarized as following: (1) find low level one-layer
water  clouds and determine known-clear  and known-cloud regions
using  TSI  image,  ceilometer  observations,  and  SASZe  spectra  as
described in [17]; (2) normalize the SASZe observed zenith spectral
radiances at the two bands by TOA solar irradiance; (3) estimate the
change of the relative radiance difference from known-cloud region
to  known-clear  region;  (4)  subtract  0.02  due  to  changes  of  cloud
optical  depth at  cloud edges from the observed change to  get  the
relative  radiance  difference  due  to  water  vapor  absorption;  (5)
estimate  the change of  column water vapor  at  the cloud edges by
using the changes in the relative radiance difference from step (4)
and pre-calculated relationship between column water vapor and the
relative radiance difference (e.g. Fig. 2b). 

It is important to note that this method applies to clouds over dark
ocean  surface.  We  have  applied  this  method  to  a  Cu  cloud  case
during MAGIC campaign. We found that there is a decrease of about
0.3 cm in column water vapor amount from known-cloud to known-
clear  regions;  it  is  about  10%  decrease  in  column  water  vapor
amount. We will apply this method to more cases to better understand
the statistics of water vapor variation in Cu cloud edges and plan to
investigate the impacts of different aerosol loading, vertical profiles
of water vapor, vertical locations of cloud and 3D radiative effects on
the accuracy of retrieval. 
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