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1 Motovation
• The Planetary Boundary Layer (PBL) refers to the lowest region of the atmo-

sphere (100 m to 3000 m) directly influenced by surface processes over both
the land and ocean [1].
• Containing ≈80% of the total mass of XH2O (Fig 1), the PBL regulates the

exchange of heat, moisture, momentum, trace gases and aerosols between the
Earths surface and the free troposphere [2].
• Evapotranspirative exchange between the PBL and free troposphere is a

key component of the water +energy cycle as without the subsequent phase
changes most processes would be temperature driven [1].
• Sherwood et al. (2014) [3] found≈ half the climate sensitivity variance across

CMIP5 models is associated with convective mixing between lower & mid-
troposphere.
• Rate of mixing & dehydration in PBL impacts development of low-cloud

cover impacts albedo.
• Accurate characterisation of heat and water vapour transport is needed to fully

describe coupling between surface hydrology, clouds and precipitation [4].
•While work by Millán et al (2016,2019) [5, 6] uses combined MW+NIR im-

agery for cloudy marine PBL water vapour, no single sensor record of bulk
PBL water vapour exists. This work demonstrates the ability of GOSAT to
address this gap.
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Figure 1: Ratio of PBL to total column (TC) XH2O concentrations calculated using profiles
from the Analyzed Radio Soundings Archive (ARSA). Ratios are shown as a function latitude,
year and season, where DJF (December, January, February) is northern hemisphere (NH) win-
ter, MAM (March, April, May) is NH spring, JJA (June, July, August) is NH summer, and SON
(September, October, November) is NH autumn. Latitudinal cross sections are shown for each
year of the study with the overall ratio mean (µratio) and standard deviation (σratio) for all years
shown in the sub-headings.

2 Estimating PBL Water Vapour
• GOSAT PBL XH2O is retrieved using the an adapted version of the University

of Leicester full physics retrieval (UoL-FP) algorithm [7].
• H2O windows in bands 2 & 3 chosen to include regions with strong non-

saturating, and weaker water vapour absorption lines.
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1 ) (a) Example GOSAT Spectra Band 2
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Figure 2: Example GOSAT short wave infrared spectra for bands 2 (a) and 3 (b). Contribution
of main absorbers for bands 2 and 3 are shown in (c,d) respectively. Spectral lines of absorbers
are shown at the native resolution of the spectrascopic database and have not had the GOSAT
instrument line shape applied.

• Retrievals contain more than 2 pieces of information - this is exploited to sep-
arate out partial columns of XH2O based on the atmospheric regions resolved
by integer values from the trace of the averaging kernel (A) by using Cumula-
tive Degrees-Of-Freedom (CDOF) between the surface and top-of-atmosphere
(Fig 3).
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Figure 3: Example of how GOSAT full averaging kernel (AK) is transformed into partial column
averaging kernels by exploiting the degrees of freedom in the XH2O retrieval. An example of the
full averaging kernel is shown in panel (a) with each level colour-coded. The application of the
pressure weighting function to the full averaging kernel is shown in panel (b). The column av-
eraging kernel is shown as a dashed black line, while the partial column averaging kernels based
on the cumulative degrees-of-freedom (CDOF) being equal to 0–1, 1–2 and greater than 2 are
represented by the blue, green and red lines respectively.

• This information is used to modify the pressure weighting function (hPBL),
with levels above where CDOF > 1 set to zero. The closest level in the profile
to this point is reffered to as the partial coulmn top pressure (PCTP) and is
used as a proxy for boundary layer height.
• The pressure weighting function is then used to calculate the PBL column

from the retrieved H2O profile (x̂):

XH2OPBL = hT
PBLx̂. (1)

• These partial column units are then converted from ppm to g/kg. Examination
of global distributions shows clear seasonality (Fig 4).
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Figure 4: Seasonal distribution of GOSAT PBL XH2O for northern hemisphere (a) winter—
December, January and February, (c) spring—March, April and May, (e) summer—June, July
and August, and (g) autumn—September, October and November. The corresponding mean sea-
sonal PBL partial column top pressure (PCTP) level values are also shown (b,d,f,h). Seasonal
plots are based on mean values from December 2016 to November 2017, and are binned in to
5◦ × 5◦ averages. The variable spatial sampling of GOSAT introduces a strong seasonal signal,
especially over sun glint oceans.

• The a posterior uncertainty (Ŝ) calculated as part of the retrieval output will
be an over-estimation due to the relaxed the H2O a priori covariance matrix
(Sa). Therefore, a second value for the uncertainty in the retrieved PBL XH2O
is calculated from the effects of the instrument noise, instrument smoothing
of observed atmospheric state and the interference from the non-target state
vector elements [8, 9]:

Ŝret = Ŝm + Ŝs + Ŝi. (2)

• Sε can be replaced for an alternative/updated estimate of measurement co-
variance if required. The uncertainty introduced by the constraint of the state
vector on the a priori is described by the smoothing uncertainty covariance
matrix and represents the smoothing of the true H2O profile on the retrieval:

Ŝi = AueSecA
T
ue, (3)

•Aue are the cross-talk elements of the averaging kernel that relate the response
in the target elements to a δ-function perturbation in the non-target elements of
the state vector (Rodgers [10]). The non-target uncertainties are described by
an ensemble covariance matrix of the true state Sec. Whilst being represented
by a single term, Ŝi is calculated for each non-target variable (j) and summed
together:

Ŝi =

8∑
j=1

Ŝi(j), (4)

• Finally, the uncertainty covariances are used to calculate the XH2O retrieval
uncertainty components such that:

σret = (hT
PBLŜmhPBL)

1
2 + (hT

PBLŜshPBL)
1
2 + (hT

PBLŜihPBL)
1
2 , (5)

Region σPBL σm σs σue σRet
g/kg % g/kg % g/kg % g/kg % g/kg %

Sahara Desert 0.31 11.09 0.12 4.15 0.09 3.07 0.04 1.47 0.24 8.70
Amazon 0.31 10.04 0.09 3.00 0.09 2.77 0.02 0.78 0.20 6.55
Europe 0.30 16.84 0.10 5.80 0.07 4.22 0.03 1.47 0.20 11.49

Greenland 0.29 37.36 0.07 9.49 0.04 4.72 0.01 1.24 0.12 15.46
Sun-Glint Pacific 0.35 9.08 0.09 2.45 0.11 2.75 0.02 0.45 0.22 5.65

Table 1: Retrieval uncertainty components in g/kg and percentage of the retrieved PBL XH2O

for 5 climatic regions for July 2017. The a posterior uncertainties (σPBL) are the far left-hand
column of values, while the updated total retrieval uncertainties (σret) are contained in the far
right-hand column.

3 Validation against Radiosondes
• GOSAT PBL XH2O validated against Analyzed RadioSoundings Archive

(ARSA) radiosondes between 01/06/2009 - 31/05/2017 (582 sites).

• Collocations are made between ARSA and GOSAT using criteria of 100 km
and with 30 mins of sounding, ∆psurf < 5 hPa. Yields ≈ 10k matches.

• GOSAT shows slight wet bias in tropics with a dry bias increase poleward (Fig
5)
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Figure 5: Comparison of GOSAT PBL XH2O over 3 broad latitudinal bands for same 8 year
collocation period (June 2009 to May 2017): (a) Tropics (±30◦), (b) Mid-Latitudes (45◦S–30◦S,
30◦N–45◦N) and (c). High-Latitudes (> ±45◦).

• To demonstrate that GOSAT can produce proxy values for PBL water vapour
we can look at ARSA PBL XH2O using different values for BLH

• Results show good agreement between different definition of PBl water vapour
(Fig 6).

40 20 0 20 40 60 80
Latitude

0.0

0.5

1.0

1.5

2.0

2.5

3.0

PB
L 

XH
2O

 (g
 k

g
1 )

(a) ARSA PBL XH2O Calculated from different BLH

MLH1
PCTP
MLH2

40 20 0 20 40 60 80
Latitude

0.5

1.0

1.5

PB
L 

XH
2O

 R
at

io

(b) Ratio of PBLPCTP/PBLMLH XH2O

PCTP/MLH2 PCTP/MLH1

40 20 0 20 40 60 80
Latitude

25

0

25

PB
L 

He
ig

ht
 (h

Pa
) (c) Difference in BLH (PCTP - MLH)

MLH2
MLH1

Figure 6: Comparison of mean ARSA PBL XH2O calculated using the mixing layer height
(MLH) derived from; (i) the original radiosonde profile (MLH1), (ii) the partial column top pres-
sure (PCTP) and (iii) MLH derived from the radiosonde profile on the GOSAT retrieval grid
(MLH2) as a function of latitude are shown in (a). The mean ratio of the PBL XH2O calculated
from the PCTP relative to the MLH as a function of latitude are shown in (b). The global mean
ratios of PCTP to MLH1 and MLH2 are 1.13 and 1.09 respectively. The mean differences be-
tween the PCTP and MLH as a function of latitude are shown in (c). All shaded regions and error
bars are the respective standard error for each latitudinal bin.

• Consistency of collocations is also assessed using test from Immler et al. [11]:

|m1 −m2| < k ·
√
σ2 + u2

1 + u2
2, (6)

where m1 and u1 are the satellite retrieved water vapour and retrieval uncer-
tainty respectively, and m2 and u2 are the radiosonde measured water vapour
and measurement uncertainty respectively and (σ) is the collocation uncer-
tainty.

• Fig 7 show the spatial distribution of collocations with radiosonde sites. While
collocation numbers are several orders of magnitude lower than IR sounders
like AIRS, the K values reduce to 1 in most regions.
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Figure 7: Seasonal collocation and k statistics for GOSAT and ARSA comparisons. Frames
(a,c,e,g) show global distribution of matched cases as a function of season. North America, Cen-
tral/Northern Asia and Europe can be seen as the dominate collocation areas. Frames (b,d,f,h)
show the mean seasonal and global k (Equation (??)) value distributions. The majority of 5◦×5◦

cells reduce to below 2, i.e., they are in statistical agreement (Immler et al. [11]).

4 Outlook
• In our recent study we have shown that a proxy PBL H2O can be retrieved

from GOSAT SWIR bands.

•With the exception of high latitudes (dark surface in SWIR) we can retrieve
XH2O with low bias (over land) and an accuracy of ≈10%.

• Extension of GOSAT series with launch of GOSAT-2 (2018) & GOSAT-3
(2022) should yield a time series of spanning more than 15 years.
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