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This study compares the net surface water exchange rates, or surface precipitation (P)
minus evapotranspiration (ET), and atmospheric water vapour sinks calculated from
various observations and reanalyses, and investigates whether they are physically con-
sistent. We use the observed precipitation from the Global Precipitation Climatology
Project (GPCP) and the Tropical Rainfall Measuring Mission (TRMM) 3B43, ocean
evaporation from Goddard Satellite-based Surface Turbulent Fluxes Version 2c
(GSSTF2c), and land ET from the Moderate Resolution Imaging Spectroradiometer
(MODIS) global ET project (MOD16) and PT-JPL products to calculate observed P
minus observed ET. P-ET is also obtained from atmospheric water vapour sink calcu-
lated using Atmospheric Infrared Sounder (AIRS)/Advanced Microwave Sounding Unit
observation specific humidity observation and wind fields from the Modern-Era
Retrospective Analysis for Research and Applications (MERRA) and ERA-interim,
denoted as AIRSy; and AIRSE, respectively. MERRA and ERA-interim water vapour
budgets are also calculated for cross-comparison and consistency check. The period of
study is between 2003 and 2006 based on the availability of all of the data sets.
Averaged water vapour sinks from AIRS and reanalysis are consistent over the global
ocean and are close to zero (range: 0.02-0.06 mm day '), but range between 0.14 and
0.23 mm day ' when land is included. Over ocean within 50°S—50°N, averaged
observed P minus observed evaporation shows a much larger negative number than
that obtained from AIRS and reanalysis. The differences mainly occur over subtropical
oceans, especially in the southern hemisphere in summer and the northern hemisphere in
winter. Over land, generally higher agreement between observed P minus observed ET
and atmospheric water vapour sinks (calculated from AIRS and reanalysis) is found.
However, large regional differences, often with strong seasonal dependence, are also
observed over land. Estimates of atmospheric water vapour sinks are influenced by both
winds and biases in water vapour data, especially over tropics and subtropical oceans,
thereby calling for the need for further investigations and consistency checks of satellite-
based and reanalysis water vapour, reanalysis winds, P observations, and surface
evaporation estimates. In higher latitudes, atmospheric water vapour sinks calculated
from AIRS,;, AIRSE, MERRA, and ERA-interim are more consistent with each other.

1. Introduction

Atmospheric and surface branches of the hydrologic cycle are connected through the net
surface water exchange or surface precipitation (P) minus evapotranspiration (ET). An
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excess of evaporation to P over oceans ultimately leads to the amount of freshwater that is
transported through the atmosphere and precipitated over continental regions. Accurate
quantification of P-ET plays an important role in the calculation of the land-atmosphere
water balance (e.g. Trenberth et al. 2007; Syed et al. 2007) and is critical for understanding
the changes in the global hydrologic and energy cycle (through latent heat release) in a
changing climate (e.g. Allen and Ingram 2002; Dai, Fung, and Del Genio 1997; Sun et al.
2007; Stephens et al. 2012). For example, drought has been showing an increasing trend
since the 1970s (Dai, Trenberth, and Qian 2004), which is likely a combined effect of
decreased P in the tropical and subtropical land as well as increased atmospheric demand
due to the warming (Trenberth et al. 2007). Accurate estimation of P and ET, together with
other components of the hydrologic cycle, is also critical for many applications such as
water resources management, agricultural planning, and prediction of natural hazards.

Remote-sensing instruments and techniques have allowed local to global observation of P
and ET from space (e.g. Adler et al. 2003; Huffman and Bolvin 2012; Xie and Arkin 1997;
Anderson et al. 2007; Mu et al. 2007; Fisher, Tu, and Baldocchi 2008; Mallick et al. 2009). As
ground measurement of P and ET is limited to a few locations, mainly over land, global
evaluation of remote-sensing observations remains challenging. Despite great efforts to
improve remote-sensing products from space, our current P and ET estimates are still subject
to large bias and uncertainties (Tian et al. 2007; Tian and Peters-Lidard 2010; Vinukollu et al.
2011). Owing to the lack of spatiotemporally complete ground measurement of precipitation,
Tian and Peters-Lidard (2010) computed measurement spread from an ensemble of six
different quasi-global merged precipitation products to estimate uncertainties without relying
on any reference data. Their uncertainty maps show that there are large regional and seasonal
uncertainties in the estimation of precipitation, especially over high latitudes where snow and
light rainfall are dominant and often missed by current precipitation products (e.g. see
Behrangi et al. (2012)). Adler, Gu, and Huffman (2012) used a similar approach to identify
bias and uncertainties in global precipitation climatology products including the widely used
Global Precipitation Climatology Project (GPCP; Adler et al. 2003; Huffman and Bolvin
2012). They also conclude that precipitation bias and uncertainty are the largest over ocean
and high latitudes. Although the error analysis using an ensemble of several products is a
reasonable approach, errors can be underestimated as the merged precipitation products are
not completely independent and typically share several level-2 products. Similar to P, the
quantification of global ET has long been associated with large uncertainties owing to
different parameterization schemes used to develop these ET products. The LandFlux-
EVAL project aims to evaluate and compare different newly developed ET data sets.
Comparing IPCC AR4 GCM simulations with satellite data sets, Mueller et al. (2011)
found a high level of uncertainty (inter-quartile ranges) in most regions. While quantifying
the uncertainty of multiple ET products over the conterminous USA, Ferguson et al. (2010)
found that the choice of vegetation parameterization, followed by surface temperature, has the
greatest impact on remote-sensing-based ET uncertainty. Additional uncertainty (4—18%) was
also reported to be stemmed from different sources of net radiation.

Recognizing the challenge in error analysis of P and ET in lack of sufficient ground
observations, here we use a different approach using independent data sets to assess the
net surface water exchange (or P-ET) instead of individual P and ET. Independent
estimate of P-ET is obtained from the column-integrated water vapour sinks from
Atmospheric Infrared Sounder/Advanced Microwave Sounding Unit (AIRS; Divakarla
et al. 2006; Fetzer et al. 2004; 2006; Susskind et al. 2006) observations as well as two
reanalysis products (Wong, Fetzer, Tian, et al. 2011 and Wong, Fetzer, Kahn, et al. 2011).
The column-integrated water vapour sink is equal to the net surface water exchange using
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the following budget equation (e.g. Peixoto and Oort 1992; Syed et al. 2007; Trenberth,
Fasullo, and Mackaro 2011; Wong, Fetzer, Kahn, et al. 2011):

br(O0q ~ O0q Oq  Oq\dp
P—E=— ke QP IVt QR B s
/pl (8t+u8x+vay+waz g’

where P is precipitation, E is surface evaporation, ¢ is time, g is specific humidity, (u, v, w)
are wind velocities along x, y, and z directions, p; is the top of the atmosphere pressure, p,,
is the surface pressure, and g is the gravitational constant. In this study, we choose
p1 = 200 hPa, above which water vapour concentration is negligible in contributing to
column integration.

Wong, Fetzer, Kahn, et al. (2011) compared P—E and atmospheric water vapour sinks
from different observation-based data sets and Modern-Era Retrospective Analysis for
Research and Applications (MERRA) reanalysis over the oceans in 50°S—50°N and docu-
mented the discrepancies among data sets in seasonal averages and variability. In the present
study, we extend the work of Wong, Fetzer, Kahn, et al. (2011) by including observation ET
data over lands and expand the investigated region to higher latitudes for a globally complete
analysis of total P—E. We will also test the sensitivity of using different reanalysis winds
combined with the latest version of AIRS water vapour data for the budget calculations.

The comparative analysis of the net quantity from the two independent approaches
will be reported and discussed using zonal plots and geographical maps to identify regions
of main differences that could be useful for future research and improvement of the
individual products. The analysis is also helpful to investigate whether the current
products are consistent to close the atmospheric branch of the hydrologic cycle.
Description of the data sets used in this study is presented in Section 2. Section 3 includes
the results and discussion followed by concluding remarks in Section 4.

2. Data and processing
2.1. Precipitation

Precipitation data are obtained from the latest version of monthly Global Precipitation
Climatology Project (GPCP V2.2; Adler et al. 2003; Huffman and Bolvin 2012) and the
Tropical Rainfall Measuring Mission (TRMM) 3B43 V7 (Huffman et al. 2007) products.
GPCP data is obtained from the World Meteorological Organization’s World Data Center
at The National Oceanic and Atmospheric Administration’s National Climatic Data
Center. TRMM 3B43 V7 is obtained from the Goddard Earth Sciences Data and
Information Services Center (GES DISC). The monthly GPCP product provides global
long-term precipitation data at 2.5° x 2.5° grids by merging rain data from gauges and
space-borne sensors, including Special Sensor Microwave/Imager (SSM/I), geostationary,
and polar orbiting infrared imagers and sounders. The GPCP merger procedure uses more-
accurate estimates of precipitation (e.g. gauges over land and passive microwave) to
adjust the bias in other estimates (e.g. from infrared imagers and sounders) and then
combines the estimates with an inverse error weighting technique. TRMM 3B43 (here-
after referred to as T3B43) provides a single, gauge-adjusted precipitation rate per
calendar month at 0.25° x 0.25° resolution between 50°S and 50°N using several high-
quality microwave precipitation retrievals including the TRMM Combined Instrument
(TCI), TRMM Microwave Imager (TMI), Special Sensor Microwave Imager/Sounder
(SSMI/S), Advanced Microwave Scanning Radiometer for EOS (AMSR-E), Advanced



Downloaded by [University of California, Los Angeles (UCLA)] at 09:32 06 March 2014

International Journal of Remote Sensing 2173

Microwave Sounding Unit-B (AMSU-B) with correction for scan angle effect (Vila,
Ferraro, and Joyce 2007), and microwave-calibrated precipitation estimates from geosta-
tionary infrared brightness temperature.

2.2. Evapotranspiration

Observation of daily ET was obtained from three different sources. Over ocean, Goddard
Satellite-based Surface Turbulent Fluxes Version 2¢ (GSSTF2c; Chou et al. 2003; Shie
et al. 2009; Shie 2011) obtained from GES DISC is used as it has shown reliable
performance and improvements compared to the previous products (Shie 2011). The
GSSTF2c¢ fluxes are produced using the up-to-date and improved input data sets, i.e.
the SSM/I V6 surface/10 m wind speeds and total precipitable water, as well as the NCEP/
DOE Reanalysis-2 SST, 2 m air temperature, and sea-level pressure. The product is
available from July 1987 to December 2008.

Over land, monthly ET is obtained from two satellite-based products: the MODI16
(Mu, Zhao, and Running 2011) and PT-JPL (Fisher, Tu, and Baldocchi 2008). MOD16 is
the official Moderate Resolution Imaging Spectroradiometer (MODIS) ET product, which
is based on forward run of the Penman—Monteith (Monteith, 1965) equation. This
algorithm is driven by the radiation (net radiation and ground heat flux) and meteorolo-
gical variables (air temperature, T,; vapour pressure, ea) from the NASA Global Modeling
and Assimilation Office (GMAO), MODIS vegetation index (e.g. enhanced vegetation
index (EVI)) (MOD13A2), and leaf area index (LAI) (MOD15A2). The characteristic
feature of MODI16 is that it parameterizes the stomatal and aerodynamic conductances
based on a biome property lookup table where the maximum conductances are con-
strained by atmospheric vapour pressure deficit and air temperature scalars. PT-JPL is
found to perform favourably to MODI16 (Vinukollu et al. 2011). The PT-JPL algorithm
(Fisher, Tu, and Baldocchi 2008) is based on the potential ET (PET) formulation of the
Priestley—Taylor (PT) equation, which is a reduced version of the Penman—Monteith
equation, eliminating the need to parameterize the stomatal and aerodynamic conduc-
tances, leaving only equilibrium evaporation multiplied by a constant (1.26), called the a
coefficient. In PT-JPL, PET is reduced to ET using ecophysiological constraint functions
based on net radiation, atmospheric moisture, and vegetation indices. The characteristic of
PT-JPL is its simplicity, which bypasses the complex conductance parameterization, yet
accommodates the environmental and biophysical control of ET. Monthly 1° x 1° resolu-
tion MOD16 data was obtained from GES DISC. Monthly ET estimates from PT-JPL was
obtained from http://josh.yosh.org/datamodels/ldeg_monthlyglobalET %201984-2006/ at
a spatial resolution of 1° x 1° resolution. Both products have been used in a wide array of
applications and inter-comparisons (Mu et al. 2007; Phillips et al. 2009; Jiménez et al.
2011; Mueller et al. 2011; Zelazowski et al. 2011).

2.3. Specific humidity and wind vectors

The atmospheric specific humidity (¢) and three-dimensional wind vectors are needed to
calculate atmospheric water vapour sinks (Equation (1)). We obtained ¢ from the latest
AIRS level 3 (L3; version 6) product at 1° x 1° horizontal resolutions and 12 AIRS
standard pressure levels (Tian et al. 2013). AIRS is a hyperspectral infrared sounder
aboard the Aqua spacecraft, which was launched into a polar Sun-synchronous orbit at
705 km altitude in May 2002. The ascending node of the orbit crosses the equator at
approximately 1330 local time and the descending node at 0130 local time. For
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comparison, ¢ is also obtained from the MERRA (Rienecker et al. 2011; Bosilovich,
Robertson, and Chen 2011) and the ERA-interim (Dee et al. 2011) reanalyses and mapped
on a common AIRS grid for water vapour budget calculations. ERA-interim is the latest
European Centre for Medium-Range Weather Forecasting (ECMWF) global atmospheric
reanalysis and MERRA uses the latest Goddard Earth Observing System (GEOS-5;
Rienecker et al. 2011) to assimilate observations, including AIRS radiance data. Daily
AIRS g together with daily winds from MERRA and ERA-interim are used to calculate
P-ET from Equation (1). The calculations are performed on common 10° x 5° longitude-
latitude grids at 12 vertical pressure levels up to 200hPa, the topmost level where AIRS
measurements are sensitive to atmospheric water vapour in the tropics (e.g. Fetzer et al.
2008; Gettelman et al. 2004). Calculation at 10° x 5° horizontal resolution is important to
alleviate issues regarding the lack of sampling in cloudy areas that can hinder the
calculation of AIRS moisture gradients (Wong, Fetzer, Kahn, et al. 2011). The land
fraction in each 10° x 5° grid is computed from land fraction data set from a higher
resolution (0.25° x 0.25°). Grids with land fraction greater than 0.5 are counted as ‘land’
and those less than 0.5 are counted as ‘ocean’, when the global budgets are computed. We
caution that the land-only or ocean-only budgets may change with a different threshold,
but the global budget (land + ocean) and the geographical distribution of P-ET are robust
results as discussed in Section 3. More precise global land-only or ocean-only budgets
require data with higher spatial resolution. Another issue is related to the lack of sampling
in cloudy areas and causes sampling biases in ¢ that range from —1 to 0.5 g/kg in the
lower troposphere (Yue et al. 2013) or 2-5% in the total column water vapour (Fetzer
et al. 2006). For comparative analysis and consistency check, atmospheric water vapour
sinks are also calculated using ¢ and wind vectors from MERRA and ERA-interim
averaged onto 10° x 5° longitude-latitude grids at 12 vertical pressure levels. Note that
MERRA and ERA-interim assimilate AIRS radiance data and produce complete ¢ fields
even in cloudy areas. Comparison between the calculation with AIRS ¢ fields and
reanalysis ¢ fields indicates that the biases in P-ET introduced by AIRS sampling ¢
biases are not as significant as the biases in P-ET introduced by using different reanalysis
wind fields.

The study period of 2003-2006 is selected based on availability of all of the data sets.
MOD16 and AIRS data became available since late 2002 and evaporation data from
GSSTF2c¢ and ET data from PT-JPL is available only up to the end of 2008 and 2006,
respectively. However, the four year data set is found to be sufficient for the comparative
analysis performed in this study. All data sets are converted to monthly 10° x 5° longitude—
latitude resolution maps prior to analysis.

3. Results and discussion

Figure 1 shows the climatological average of GPCP precipitation as well as ET from ET1
(combined evaporation from GSSTF2c¢ over ocean and ET from MODI6 over land).
Annual average maps are shown along with the average values for boreal summer [June—
July—August (JJA)] and boreal winter [December—January—February (DJF)]. A northward
shift of intense precipitation band in boreal summer and southward shift in boreal winter
can be observed, which could not be distinguished in the annual average map. However,
ocean evaporation maps show maximum values in the southern hemisphere in boreal
summer and in the northern hemisphere in boreal winter. Although large precipitation
rates can occur over land (e.g. over India and the Amazon), evaporation is typically much
less over the land because of limited water availability. Use of the TRMM 3B43 and
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Figure 1. Maps of precipitation and ET climatological averages from GPCP and ETI. Annual,
summer, and winter precipitation averages are shown in panels (a), (b), and (c), respectively.
Similarly, the annual, summer, and winter ET1 averages are shown in panels (d), (e), and (f),
respectively. ET1 represents the combined evaporation from GSSTF2c over ocean and ET from
MOD16 over land. White colours indicate area with no data.

PT-JPL products result in fairly similar maps to those shown in Figure 1; therefore, for
better comparison, maps of climatological differences are shown in Figure 2. Note that
ET2 is similar to ET1, but uses PT-JPL ET data instead of MOD16. Figures 2(a)—(c)
(precipitation difference maps) suggest that, compared to GPCP, T3B43 shows lower
precipitation over high latitude ocean and higher precipitation over the tropical ocean. In
the high latitudes (starting at latitude 40°), GPCP uses precipitation (including snow) data
retrieved from the TIROS Operational Vertical Sounder (TOVS)/AIRS through regression
relationships between collocated ground measurements and a few cloud-related para-
meters (Adler et al. 2003; Huffman et al. 2009; Susskind et al. 1997; Bolvin et al.

Full year Summer (JA) Winter (DJF)

GPCP-T3B43

ET1-ET2

Longitude (°)

Figure 2. Maps of climatological differences between the two precipitation (GPCP minus T3B43)
and ET (ET1-ET2) products. Annual, summer, and winter averages are shown in (), (b), and (c¢) for
precipitation and (d), (e), and (f) for ET, respectively. ET2 uses ET data from PT-JPL instead of
MOD16 over land.
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2009). However, T3B43 employs a collection of microwave precipitation estimates within
fixed three-hour bracket times and then fills any remaining gaps with geostationary
infrared rain estimates to produce spatiotemporally complete precipitation fields
(Huffman et al. 2007). As discussed in Behrangi et al. (2012, Forthcoming), the current
microwave and infrared instruments and associated precipitation retrieval techniques show
little skill and sensitivity to retrieve light rainfall and snowfall, which are the dominant
types of precipitation in high latitudes. Over land, the two precipitation products are in
good agreement as both of them use rain gauge data for bias adjustment.

Figures 2(d)—(f) show that PT-JPL values are larger than MODI16 values, and the
differences are seasonally dependent. This could be due to the differences in the para-
meterization schemes used in both products. PT-JPL uses ecophysiological functions to
constrain the Priestley—Taylor parameter whereas MOD16 parameterized the atmospheric
and surface conductances through a biome-specific lookup table for resolving the
Penman—Monteith equation. For more detailed information pertaining to the differences
between the two ET products, readers are referred to Fisher, Tu, and Baldocchi (2008) and
Mu, Zhao, and Running (2011). However, the climatology differences are often less than
1 mm day '. Note that in order to facilitate cross-comparison of different maps, the same
scales are used for colourbars throughout the study.

Figure 3 shows the maps of GPCP-ET1 (top row), AIRSy, (middle row), and AIRSg
(bottom row) AIRSy represents the value of P-ET calculated from Equation (1) using
specific humidity (¢) from AIRS and wind components from MERRA, whereas AIRSg
uses wind vectors from ERA-interim. Therefore, AIRSy; and AIRSg allow independent
assessments of the observed P minus observed ET and sensitivity to the source of wind
values. The annual, summer, and winter climatology maps show that in general high
agreement exists between the three estimates to capture the seasonal and regional dis-
tribution of P-ET. Regions with positive P-ET lose water vapour through precipitation
(e.g. tropical convergence zone, the west pacific, storm south America, Indian monsoon,
and Amazon). In contrast, in regions with negative P-ET, atmosphere gains water vapour

Full year Summer (JJA) Winter (DJF)
(b) (c)
L
—
w
a
O
a.
o P-ET
—100 0 100 (mm day—%)
(0]
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Figure 3. Maps of climatological average of P-ET from GPCP-ET1, AIRS),,, and AIRSE.
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Figure 4. Maps of climatology difference between (GPCP-ET1) and AIRSg, (GPCP-ET1) and
AIRSy;, and AIRSy; and AIRSg

through evaporation or ET (e.g. evaporation in subtropical oceans). A more detailed cross-
comparison can be obtained using Figure 4, in which maps of climatology difference
between (GPCP-ET1) and AIRSg (top row), (GPCP-ET1) and AIRSy, (middle row), and
AIRS\; and AIRSg are displayed. Comparison of the three rows in Figure 4 shows that
GPCP-ET1 has a much larger negative P-ET value than that of AIRSy; and AIRSg over
the subtropical oceans and storm tracks. In contrast, GPCP-ET1 shows larger P-ET over
the South America continent, Australia, north of India, and the surrounding areas includ-
ing part of the Tibetan Plateau and Pakistan in summer. Larger GPCP-ETI is also
observed in winter over the central South America and Africa continents, a large part of
Europe, and northwest Asia. GPCP benefits from a dense gauge network over Europe,
which can suggest that precipitation estimate is more reliable there. However, as discussed
in Swenson (2010), GPCP might overestimate precipitation at high latitudes owing to
possible overestimation of gauge undercatch. Note that the maps of AIRSy-AIRSg
suggest that at higher latitudes P-ET calculated from AIRS water vapour convergence
is less affected by the differences in wind vectors from MERRA and ERA-interim
compared to over the tropics; thus, the high-latitude results can be inferred to be more
conclusive.

Figure 5 shows the zonal distribution of mean P-ET computed from AIRSE, AIRSy,
GPCP-ET1, GPCP-ET2, T3B43-ET1, and T3B43-ET2 for annual (left column), winter
(middle column), and summer (right column) over land and ocean (top row; Figures 5(a)—
(c)), ocean (middle row; Figures 5(d)—(f)), and land (bottom row; Figures 5(g)—(7)). Figure
5 suggests that P-£ from observation of P (either from GPCP or from T3B43) and E is
more negative than that observed from AIRSg or AIRSy,; over the subtropical ocean,
especially in the southern hemisphere in summer and the northern hemisphere in winter. A
fraction of the differences can be related to the underestimation of light rain in the
subtropical oceans from infrared and microwave instruments used in GPCP; however,
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Figure 5. Zonal distribution of mean P-ET computed from AIRSg, AIRSy, GPCP-MODI16,
GPCP-PT-JPL, T3B43-MOD16, and T3B43-PT-JPL for annual, winter, and summer over land
and ocean, ocean, and land.

this difference is likely to be small (e.g. less than 0.3 mm day '; Behrangi et al. 2012).
Furthermore, the analysis of Shie (2011) using available ship measurements over a
reference station located at (20°S, 85°W) suggests that a positive bias of about 0.5 mm
day ! is possible from the GSSTF2c¢ product. As ocean covers a much larger area than
land and P-ET differences are relatively much smaller over land, similar patterns can be
observed in the zonal difference for averaged land and ocean (top row panels). Over land
(bottom row) the major differences are found over tropics (e.g. within 15°S—15°N) where
AIRSE and AIRSy, also show relatively large differences from the other data sets. Over
the higher latitudes (e.g. poleward of latitude 40°), the observations of P-ET also show
large differences compared to AIRSg and AIRS,,. This difference can be up to about
1 mm day ' around 50°N over ocean in summer (Figure 5(¢)) and over land in winter
(Figure 5(i)). Both AIRSE and AIRS)y, are fairly consistent with each other in high
latitudes, thereby making the analysis more conclusive in high latitudes. Note that the
lack of ET data (e.g. poleward of latitude ~65°) hinders the full comparative analysis
among different data sets and T3B43 is available up to only latitude 50° in both hemi-
spheres. Although the two precipitation (GPCP and T3B43) and ET (MOD16 and PT-
JPL) products may not fully agree at some regions (see Figure 2), the results discussed
above are nonetheless valid (see Figure 5).
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It is important to note that the accuracy of AIRS ¢ can be impacted by the lack of
sounding over opaque clouds as discussed in Fetzer et al. (2006) using column-integrated ¢
from AIRS and AMSR-E. Although MERRA and ERA-interim assimilate AIRS radiance
data, they provide complete fields of ¢ even in the presence of cloudy opaque scenes.
Figure 6 shows the annual, summer, and winter climatology maps of column-integrated
water vapour sinks from MERRA and ERA (top two rows) and their differences with
AIRSE and AIRSy,; (bottom two rows). AIRSy; and AIRSg agree well with MERRA and
ERA-interim, respectively, to produce the geographical distribution and seasonal cycle of
P—ET, especially over ocean. This suggests that P-ET calculated from AIRS can be largely
impacted by the differences in wind vectors from reanalysis, but much less by the lack of
sounding over opaque clouds (Fetzer et al. 2006). Compared to MERRA, AIRSy; shows
smaller P-ET over the southern Amazon and north/northeast of Gulf of Alaska in summer.
In contrast, AIRSy; shows larger P-ET over Saudi Arabia in summer and tropical West
Africa and southern China during winter. Figure 6 suggests that P-ET differences between
AIRSg and ERA-interim are larger compared to that of AIRSy; and MERRA over land.
ERA-interim shows higher P-ET over tropical Africa and especially over the Tibetan
Plateau and the surrounding regions in summer, which can exceed 2 mm day '. In winter,
P—ET of ERA-interim exceeds that of AIRSg over broad regions in the north and centre of
South America and the southern part of Africa. These could be related to the lack of
sounding by AIRS over the opaque clouds as discussed above.

Full year Summer (JJA) Winter (DJF)

P-ET
(mm day™?)

Longitude (°)

Figure 6. Climatology maps of column-integrated water vapour sinks from MERRA (a—c), ERA
(d—f), and their differences with AIRSg (g—i) and AIRSy; (7—/), respectively.
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Table 1. Summary of the average P-ET values from different methods discussed in this study

P-ET (mm day ")

Land and ocean Ocean Land
Method Global 50°S-50°N  Global 50°S-50°N  Global 50°S—50°N
GPCP-ET1 - -0.37 - —0.86 - 0.88
GPCP-ET2 - -0.43 - -0.86 - 0.53
3B43-ET1 - -0.41 - -0.93 - 0.84
3B43-ET2 - -0.47 - -0.93 - 0.50
AIRSy 0.18 0.10 0.04 -0.13 0.60 0.67
AIRSg 0.14 0.05 0.02 -0.14 0.51 0.55
MERRA 0.23 0.13 0.06 -0.11 0.72 0.77
ERA-interim 0.20 0.07 0.05 -0.16 0.67 0.71

Table 1 summarizes the average water vapour sink and average P-ET values from
different observations discussed in this study. The averaged values are reported over
global and 50°S—-50°N regions, separately over ocean, land, and both land and ocean.
For fair comparison among different P-ET products, only grids with available values
across all the products are considered in averaging within 50°S—50°N. In other words,
regions with no ET data (see Figure 1) were removed from averaging. Over ocean within
50°S—50°N, averaged P—E from observed P (GPCP/T3B43) and observed £ (GSSTF2c¢)
range between —0.93 and —0.86 mm day ', but both showed larger negative number than
the water vapour sinks from AIRS,;, AIRSg, and reanalysis (range: —0.16 to —0.11 mm
day "), consistent with Wong, Fetzer, Kahn, et al. (2011). This is consistent with Figure 5
(see subtropical oceans), where observed P minus observed E shows a larger negative
number than those obtained from water vapour budget calculations. Averaged water
vapour sinks from AIRS and reanalysis are also found to be consistent over global
ocean and are close to zero (range: 0.02-0.06 mm day '). Over land, generally higher
agreement between observed P minus observed ET and P-ET (calculated from AIRS and
reanalysis) exists and all show positive values (range: 0.5-0.88). The average values over
land and ocean lie between that of land-only and ocean-only with a slight positive global
value (range: 0.14-0.23 mm day "), consistent with that found by Saha et al. (2010) using
NCEP Climate Forecast System Reanalysis (CFSR).

4. Concluding remarks

Accurate quantification of P-ET has an important role in the calculation of land-atmo-
sphere water balance and is critical for understanding the changes in global hydrologic
and energy cycle in a changing climate. In the present study, global net surface water
exchange (P-ET) rate is calculated and cross-compared using two independent
approaches and various products collected between 2003 and 2006 based on the avail-
ability of all of the data sets. We used observed precipitation from GPCP and TRMM
3B43, ocean evaporation from GSSTF2c, and land ET from MOD16 and PT-JPL products
to calculate the observed precipitation minus observed ET. We also calculated atmospheric
column-integrated water vapour sink from water vapour budget equation using water
vapour retrievals from the Atmospheric Infrared Sounder/Advanced Microwave Sounding
Unit observation with wind fields from MERRA and ERA-interim (denoted AIRSy; and
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AIRSE, respectively). The atmospheric water vapour sink is also obtained from the water
vapour budget in MERRA and ERA-interim for consistency check with other products.

Using zonal plots and geographical maps, regions of main differences in the estimated
surface water exchange are identified. Over ocean within 50°S—50°N latitudinal bounds,
average surface water exchange from observed P (GPCP/T3B43) and observed E
(GSSTF2c) ranged between —0.93 and —0.86 mm day ', but both showed a much larger
negative number than that obtained from AIRS);, AIRSE, and reanalysis (range: —0.16 to
—0.11 mm day ). Detailed analysis suggests that the differences mainly occurred over
subtropical oceans, especially in the southern hemisphere in summer and the northern
hemisphere in winter. Over land, generally higher agreement between observed P minus
observed ET and atmospheric water vapour sinks (calculated from AIRS and reanalysis) is
found, compared to the ocean. However, regions of large differences exist that are often
season dependent. Averaged P-ET from AIRS and reanalysis is fairly consistent over
global ocean and is close to zero (range: 0.02-0.06 mm day ') and ranges between 0.14
and 0.23 mm day ' over global land and ocean.

It was also found that the pairs of AIRSy; and AIRSg agreed well to produce the
geographical distribution and seasonal cycle of atmospheric water vapour sink compared
to using water vapour from MERRA and ERA-interim. This suggests that atmospheric
water vapour sinks calculated from AIRS can be largely impacted by the choice of wind
vectors from reanalysis, besides the lack of soundings over opaque clouds. Differences
between the estimations of surface water exchange in the tropics to subtropics call for the
need for further investigations and consistency check of satellite-based and reanalysis
water vapour, reanalysis winds, precipitation observations, and surface evaporation esti-
mates. In higher latitudes, atmospheric water vapour sinks calculated from AIRSy,,
AIRSg, MERRA, and ERA-interim are found to be more consistent with each other.
This suggests that the atmospheric water vapour sink estimates can potentially be useful
for consistency check between precipitation and ET products, especially in high latitudes
where precipitation products face significant uncertainties (Adler, Gu, and Huffman 2012;
Behrangi et al. 2012), rain gauges are sparse and often erroneous (Goodison, Louie, and
Yang 1998), and observations of ET are significantly lacking. The analysis presented here
can contribute to the evaluation of the moisture, wind, precipitation, and evaporation
simulations from global climate models as well as climate reanalyses.
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