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Abstract Differences in gridded precipitation (P), surface evaporation (E), and the resultant surface
freshwater exchange (P � E) among different products over the ocean are diagnosed as functions of
moisture advection (Qadvt) andmoisture tendency by dynamical convergence (Qcnvg). Compared to the GPCP
product, the TRMM3B42 product captures higher frequency of precipitation with larger extreme precipitation
rates in regimes of deep convection and more light rain detections in regimes of frequent occurrence of
boundary layer clouds. Discrepancies in E depend on moisture flux divergence, with the OAFlux product
having the largest E in regimes of divergence. Discrepancies in mean P � E in deep convective regimes are
highly influenced by differences in precipitation, with the TRMM3B42 product yielding P � E histograms
closer to those inferred from the reanalysis moisture flux convergence. In nonconvergent regimes,
observation-based P� E histograms skew toward positive values while the inferred reanalysis histograms are
symmetric about the means.

Plain Language Summary We quantify the relationship between the surface freshwater exchange
and atmospheric water vapor transport and assess under what conditions current gridded products of
precipitation and ocean surface evaporation have large differences. This article informs developers of these
products where they should put more effort in the future to refine their products and users of these
products what atmospheric conditions they would expect large discrepancies. The mean and extreme values
as well as the discrepancies in precipitation and surface evaporation estimates are related to how the
atmosphere transports water vapor. Since how the atmosphere transports water vapor is also related to
large-scale dynamical conditions and cloud systems, the method used in this work further relates the
discrepancies to large-scale environmental conditions. This is different from the traditional approach of
reporting differences on geographical maps, in which each location may have gone through several
scenarios of large-scale conditions in temporal averaging. This work has direct impact on scientists who
perform estimations of precipitation and surface evaporation based on instruments on board of satellites.
Since surface freshwater exchange is used as a boundary condition to force ocean models, this work reveals
atmospheric conditions in which large differences in the boundary conditions exist.

1. Introduction

Surface freshwater exchange, defined as precipitation (P) minus surface evaporation (E), is essential in deter-
mining ocean surface salinity and, hence, ocean circulation (Siedler et al., 2001; Valdivieso et al., 2014).
Because P products utilize different remote sensing instruments and retrieval techniques, large spreads are
often observed among them (Adler et al., 2012; Berg et al., 2010; Behrangi et al., 2012; Behrangi, Stephens,
et al., 2014). Different algorithms for estimating E, as well as the inputs of near surface moisture and wind
retrievals from different sensors, yield discrepancies in E products (Curry et al., 2004; Pinker et al., 2014; Yu
& Weller, 2007). Consequently, differences in estimates of surface freshwater exchange (hereafter referred
to as P � E) inherit differences in both P and E estimates.

Previous studies report discrepancies in different P, E, and P � E estimates based on averages over geogra-
phical locations (e.g., Behrangi, Wong, et al., 2014; Pinker et al., 2014; Tian & Peters-Lidard, 2010; Wong
et al., 2011). As large-scale atmospheric conditions, particularly large-scale moisture flux convergence or
divergence, are linked to regional water budget, it is crucial to diagnose how differences of P, E, and P � E
among products are related to the mechanisms of water vapor transport in the atmosphere.

Surface freshwater exchange is related to atmospheric moisture convergence through the water vapor
budget equation (Peixoto & Oort, 1992; Wong et al., 2016):
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P � E þ ∂Q
∂t

¼ �∇· QVð Þ ¼ �V ·∇Q� Q∇·V≡Qadvt þ Qcnvg (1)

with Q ¼ ∫psrfptop
q dp

g and V ¼ 1
Q ∫

psrf
ptop

qv dp
g :

Q is the column integrated specific humidity (q), and V is the vertically averaged horizontal wind (v) weighted
by the vertical profile of specific humidity. The term of moisture advection (�V · ∇Q, referred to as Qadvt) and
the term of moisture dynamical convergence (�Q∇ · V, referred to as Qcnvg) were used to construct a
two-dimensional phase space to study the relationship between clouds, precipitation, and the large-scale
circulation (Wong et al., 2016) and the coupling between phases of moisture transport and transition of
shallow-to-deep convection in intraseasonal oscillation of summer Indian monsoon (Wang et al., 2015).
Regimes in the phase space (Figure 1a) identify the large-scale circulation and cloud systems over the globe
(Wong et al., 2016, or supporting information) and can be used as a framework to study regime-dependent
climate processes. In this study, we stratify commonly used, gridded estimates of P, E, and P � E as functions
of Qadvt and Qcnvg. We then report the discrepancies of these variables among different products in the
regimes of phase space so as to reveal their relationship to atmospheric water vapor transport. We aim at
showing conditions in which products of P or E are subjected to differences that may influence scientific
applications (e.g., ocean model simulations forced by these products as freshwater exchange with
the atmosphere).

2. Data and Method
2.1. Precipitation

Gridded P estimates being investigated in this study are the Tropical Rainfall Measuring Mission (TRMM) 3B42
(version 7) (Huffman et al., 2007) and the Global Precipitation Climatology Project (GPCP) 1DD (version 1.2)
(Huffman et al., 2009). The TRMM 3B42 product is constructed by combining microwave and infrared preci-
pitation estimates. Microwave precipitation retrievals are obtained from the TRMM Microwave Imager (TMI),
Special Sensor Microwave Image (SSM/I), Advanced Microwave Scanning Radiometer for Earth Observing
System (AMSR-E), and Advanced Microwave Sounding Unit-B (AMSU-B) after calibration to the TRMM
Combined Precipitation Radar (PR) and TRMM Microwave Imager (TMI) Rainfall Profile Product (TRMM
Product 2B31) (Haddad et al., 1997). Microwave-calibrated infrared precipitation estimates are used to fill
remaining spatial gaps in global microwave coverage every 3 h (Huffman & Bolvin, 2009). The TRMM 3B42
product is available at 3-hourly intervals, and 0.25° × 0.25° spatial resolutions, covering the globe from
50°S to 50°N. The GPCP 1DD product combines global precipitation gauge analyses with precipitation retrie-
vals from SSM/I, Television and Infrared Observation Satellite (TIROS) Operational Vertical Sounder (TOVS),
Atmospheric Infrared Sounder (AIRS), and others (Huffman et al., 2009). These data are at daily intervals
and at 1° × 1° spatial resolutions. Both TRMM 3B42 and GPCP are bias adjusted at monthly time scale using
ground station observations.

2.2. Evaporation

Gridded ocean surface E estimates included in this study are the Objectively Analyzed air-sea Fluxes (OAFlux
version 3, Yu & Weller, 2007, at 1° × 1° and daily resolution), the product from the SeaFlux project (SeaFlux,
Clayson & Bogdanoff, 2013; Curry et al., 2004, at 0.25° × 0.25° and 3-hourly resolutions), and the product from
the Institut Francais de Recherche pour l’Exploitation de la Mer (IFREMER version 4, Bentamy et al., 2013;
Pinker et al., 2014, at 1° × 1° and daily resolutions). All these products apply the bulk aerodynamic algorithm
for computing surface latent heat flux with bulk transfer coefficients from the COARE 3.0 algorithm (Fairall
et al., 2003), while the detailed approaches for gathering inputs for the algorithm differ among the products.

The basic inputs for the calculation are near-surface specific humidity, wind speed, and sea surface tempera-
ture. The OAFlux (Yu & Weller, 2007) product applies a variational objective analysis to synthesize relevant
meteorological data from the National Centers for Environmental Prediction-Department of Energy and
the European Center for Medium-Range Weather Forecasts (ECMWF) reanalysis output, together with satel-
lite retrievals of near-surface specific humidity and wind speed from SSM/I and Quick Scatterometer
(QuikSCAT), and surface skin temperature from the advanced very high resolution radiometer (AVHRR),
TMI, and AMSR-E. The SeaFlux (Clayson & Bogdanoff, 2013) product uses the Neural Network methodology
of Roberts et al. (2010) to create near-surface humidity and wind speeds from SSM/I with AVHRR-only sea
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surface temperature (SST) that has diurnal variation (Reynolds et al., 2007). The IFREMER (Bentamy et al., 2013)
product utilizes near-surface humidity from SSM/I, near-surface wind from QuikSCAT, and SST from analyses
provided by the National Climatic Data Center.

2.3. Atmospheric Water Vapor Transport

The NASA Modern-Era Retrospective Analysis for Research and Applications version 2 (MERRA-2, Bosilovich
et al., 2017) provides hourly averaged column-integrated quantities Q and V in equation (1) at 0.5° lati-
tude × 0.625° longitude resolution so that atmospheric water-budget related quantities Qadvt and Qcnvg

Figure 1. (a) Diagnostics of GPCP over-the-ocean precipitation as functions of moisture tendency by dynamical convergence (QCON, Qcnvg in the text) andmoisture
advection (QADV, Qadvt in the text). The first column shows the mean precipitation (in mm/d), the second column shows the precipitation frequency (in %), and
the third column shows the precipitation intensity (mean without zeros, in mm/d). (b) Similar to Figure 1a but for TRMM precipitation diagnostics. (c) The difference
between the TRMM and GPCP mean precipitation (left), precipitation frequency (middle), and intensity (right). (d) The mean OAFlux surface evaporation rates
over the ocean (in mm/d, left column), the difference in SeaFlux and OAFlux mean evaporation (middle column), and the difference in IFREMER and OAFlux mean
evaporation (right column). The dashed lines indicate where the moisture flux convergence is zero (i.e., Qcnvg + Qadvt = 0). The regimes used in plotting
Figures 2–4 are defined in the left column of Figure 1a.
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can be directly calculated. Errors introduced by finite differencing are less than ±1 mm/d (Wong et al., 2016).
Using ECMWF-interim reanalysis (ERA-Interim Dee et al., 2011) to calculate Qadvt and Qcnvg for this study
generally yields similar results to using MERRA-2 (Behrangi, Wong, et al., 2014; Wong et al., 2016).

To facilitate comparison of data sets at different temporal and spatial resolutions, all P, E,Qadvt, andQcnvg data
are daily averaged onto 1° latitude × 2° longitude grid boxes in this study. Then, P, E, or P � E are sorted
against collocated Qadvt and Qcnvg (with bin size of 4 mm/d) for the analyses shown in section 3. Since
IFREMER data cover only 2007–2009, only these years’ of P or other E data are picked when compared with
IFREMER. Tests have been done to show that this difference in years does not influence the conclusion of
this work.

Nine dynamical regimes are defined in the space spanned by Qcnvg and Qadvt. Supporting information
demonstrates the geographical maps of occurrence frequencies for these regimes and briefly describes their
dynamical and cloud features.

3. Results

GPCP and TRMM mean P (averages with zeros) over the ocean for 2007–2014 are averaged as a function of
Qadvt and Qcnvg in Figures 1a and 1b (left column), and their differences are shown in Figure 1c (left column).
Contours of large-scale moisture flux convergence, Qadvt + Qcnvg, should align with lines parallel to the
dashed line shown in each panel, which denotes zero moisture flux convergence (i.e., Qadvt + Qcnvg = 0).
Regimes above the dashed line represent conditions when the atmosphere supplies water vapor by moisture
flux convergence, while regimes below represent conditions when the atmosphere depletes water vapor by
moisture flux divergence. In the latter cases, supply of atmospheric water vapor is mainly through surface
evaporation (Figure 1d, left column) and coincident with occurrence of low-level clouds (supporting informa-
tion Figures S1d, S1g, and S1h).

In regimes of Qcnvg > 0, P is more sensitive to changes in Qcnvg, because Qcnvg is related to occurrence of
deep convection (or vertical velocity), which is a main mechanism for converting water vapor into P. In these
convergent regimes,Qadvt is highly related to ∂Q/∂t in equation (1) (not shown) and only slightly modulates P.
Along a line of constant moisture flux convergence (a line parallel to the dashed line), mean P increases for
increasing Qcnvg but decreases for increasing Qadvt. This implies that combinations of precipitation types
(or cloud types) are varying with different relative contributions of Qadvt and Qcnvg, even though the large-
scale moisture flux convergence is kept constant. Tropical cloud systems and their properties associated with
different regimes in the Qadvt-Qcnvg phase space are documented in Wong et al. (2016). In regimes of
Qcnvg< 0, supply of water vapor for forming P requires Qadvt> 0; however, P in this regime are much weaker
than those in convergent regimes.

GPCP and TRMM have similar mean P dependence on Qadvt and Qcnvg. However, TRMM has relatively larger
mean P in regimes of large positive Qcnvg, and lighter rainfall in regimes of negative Qcnvg (Figure 1c,
left column).

Precipitation frequencies (fractions of nonzero data counts) and intensities (averages excluding zeros) are
shown in Figures 1a and 1b for GPCP and TRMM, respectively. Also shown are the corresponding differences
between the two data sets in Figure 1c. The middle column is for the frequencies, and the right column for
the intensities. Both data sets capture the minimum precipitation frequency when Qadvt is close to 0 and
Qcnvg is slightly negative. This is the regime with high occurrence frequency of low-level
stratus/stratocumulus clouds (Wong et al., 2016) (or supporting information Figure S1d). Overall, TRMM can
capture more frequent occurrence of precipitation, particularly in the regime of extreme moisture flux diver-
gence (Figure 1c, middle column).

For precipitation intensity (Figures 1a–1c, right column), the patterns in the phase space are quite similar to
those of the mean precipitation (Figures 1a–1c, left column). In regimes of Qadvt + Qcnvg> 0, TRMM precipita-
tion intensity is stronger than GPCP when convection is strong (Qcnvg > 8 mm/d), but weaker than GPCP
when Qcnvg < 8 mm/d.

The mean surface E of OAFlux as a function of Qadvt and Qcnvg is shown in Figure 1d (left column). Since
surface E is determined by near-surface wind speed, specific humidity, and sea surface temperature, dry
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advection by strong winds (either near jet streams or subtropical trade winds) over warm ocean enhances E.
Therefore, surface E is more sensitive to Qadvt with slight modulation by Qcnvg. Surface E in regimes of
Qadvt + Qcnvg < 0 is larger than 3 mm/d and increasing monotonically with moisture flux divergence
(negative of Qadvt + Qcnvg). Evaporation is the largest in the corner of extreme moisture flux divergence.
This corner represents a geographical distribution of maxima of E (supporting information Figure S1g) over
regions of strong dry advection over warm ocean. In regimes of Qadvt + Qcnvg > 0, evaporation in general
decreases with increasing Qadvt + Qcnvg, with modulation by relative contributions of Qadvt and Qcnvg to
the moisture flux convergence. The smallest surface E occurs in regimes of both Qadvt and Qcnvg being
positively large, a regime of frequent occurrence of deep convective clouds with very strong precipitation
(e.g., midlatitude storm tracks; see supporting information Figure S1c).

The differences of the mean SeaFlux and IFREMER surface E from the OAFlux values are given in Figure 1d
(middle and right columns), respectively. Both SeaFlux and IFREMER surface E are less than OAFlux surface
E in regimes of Qadvt + Qcnvg < 0, and the difference increases with decreasing Qadvt + Qcnvg. The IFREMER
surface E is larger than the OAFlux surface E when Qadvt + Qcnvg > 0, while the SeaFlux surface E is slightly
less than the OAFlux surface E.

Nine dynamical regimes are defined as shown in the boxes in Figure 1a (left column). Each regime identifies
certain circulation patterns over the globe (see supporting information or Wong et al., 2016). The regimes are
labeled by signs of Qadvt and Qcnvg. For example, the regime with positive Qadvt and nearly zero Qcnvg is
labeled as A+C0. Quantiles of histograms of P in each regime for GPCP and TRMM are shown in Figure 2.

Figure 2. Quantiles of histograms of the GPCP and TRMM3B42 precipitation rates in the nine regimes defined in Figure 1. The upper and lower ends of the bars show
the 95th and 5th percentiles, respectively. The upper and lower ends of the boxes show the 90th and 10th percentiles, respectively. The solid and the dotted
lines, respectively, mark the mean and median precipitation rates excluding zeros. The numbers above the bars show the mean precipitation rates including zeros.
The number below the bars show the precipitation frequencies. (a, d, and g, and b, e, and h) In log scale to highlight the differences in the light rain regimes;
(c, f, and i) in linear scale to highlight the differences in the extremely large precipitation rates.
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In regimes of strong convergence (those with the labels C+ or Figures 2c, 2f, and 2i), TRMM has larger mean P
with stronger precipitation intensity and larger frequency compared to GPCP, consistent with Figure 1.
Differences in extreme (over 90th percentiles) precipitation intensity increase with Qadvt, with the 95th
percentile precipitation intensity differing by ~15 mm/d between TRMM and GPCP in the A+C+ regime.

In regimes of nonconvergence (labels either with C0 or C–), TRMM has smaller precipitation intensity at both
ends of the histograms. Although the differences of mean P between TRMM and GPCP are less than 1 mm/d
in these regimes, the extreme 95th-percentiles can differ by 10 mm/d in the A0C0 regime, and the extreme
5th percentiles can differ by 1 order of magnitude in the A + C0 regime. TRMM has larger sensitivity for light
rain that contributes to its higher precipitation frequency compared to GPCP.

Quantiles of histograms of surface E data sets in the nine dynamical regimes are shown in Figure 3. In most
regimes, the histograms are similar among different data sets with the means and medians close to each
other, and the spreads are nearly symmetric about the means and medians. The A–C– regime is the excep-
tional one in which the spreads of histograms skew toward high E values, resulting in the highest mean E
values in this regime. The geographical distribution of occurrence frequency of this regime (see supporting
information Figure S1g) is in fact similar to that of the maxima of surface E over the ocean. In this regime,
OAFlux’s histogram is more skewed than the other two data sets, resulting in its largest mean E among the
data sets. The higher variability in OAFlux may be related to its synthesis of more data sources of near-surface
humidity and SST for its surface E estimation than SeaFlux and IFREMER.

Figure 3. Similar to Figure 2 but for the quantiles of histograms of OAFlux, SeaFlux, and IFREMER surface evaporation rates (in mm/d). All panels are in linear scale.
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Quantiles of histograms of P � E computed with different combinations of P and E data sets are shown in
Figure 4. Interchanging P data sets influences the 90th and 95th percentiles of P� Emore than interchanging
E data sets. Therefore, the high-end quantiles are mainly determined by discrepancies in precipitation data
sets, with data using the TRMM P having larger values in regimes of convergence (Qcnvg > 0, or Figures 4c,
4f, and 4i) and smaller values in regimes of nonconvergence (Qcnvg ≤ 0 or Figures 4a, 4b, 4d, 4e, 4g, and
4h), consistent with Figure 2. In regimes of nonconvergence (Qcnvg ≤ 0), histograms constructed using the
TRMM P have the narrowest spreads because of the smaller P values that yield the smaller high-end quantiles
(e.g., 90th or 95th percentiles) of P � E. On the other hand, the 5th and 10th percentiles of P � E are mainly
determined by discrepancies in surface E data sets, with data using OAFlux for E having more negative values
in the regime A–C– (Figure 4g), consistent with Figure 3. Consequently, discrepancies of mean P � E in
regimes of convergence (Qcnvg > 0) are mainly contributed by discrepancies in P because of the heavy
convective rain relative to the smaller surface E. Discrepancies of mean P � E in regimes of strong moisture
flux divergence (Qadvt + Qcnvg < 0) are contributed from discrepancies of both P and E because the mean
P and the mean E have close magnitudes in these regimes.

The P and E given by MERRA-2 or ERA-Interim are highly dependent on biases introduced by model parame-
terizations of related subgrid scale physical processes. Figure 4 shows the “inferred P � E”, defined as

Figure 4. Similar to Figure 2 but for the quantiles of histograms of the varying combinations of precipitation minus evaporation rates (in mm/d). The labels “G” and
“T” denote the calculations using the GPCP and TRMM3B42 precipitation, respectively. The labels “O,” “S,” and “I” denote the calculations using the OAFlux, SeaFlux,
and IFREMER evaporation, respectively. For example, the label G-O means the histograms of the GPCP precipitation minus the OAFlux evaporation. MRA and ERA are
MERRA and ERA-Interim inferred P � E (see text for details). All panels are in linear scale.
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Qadvt + Qcnvg � ∂Q/∂t using equation (1), for MERRA-2 and ERA-Interim. The reanalyses assimilate observa-
tions that help correct specific humidity and wind fields so that the inferred P � E is expected to be more
realistic than P � E directly calculated from the model P and E outputs. In regimes of convergence
(Qcnvg> 0, Figures 4c, 4f, and 4i), the spreads of histograms of the reanalysis inferred P� E are closer to those
of the observation-based P � E using the TRMM P. The mean values of reanalysis inferred P � E tend to be
smaller than the observation-based values when the moisture flux divergence becomes large (i.e.,
Qadvt + Qcnvg< 0, or Figures 4d, 4g, and 4h). We also note that in these nonconvergent regimes the reanalysis
inferred P � E tend to have more symmetric histograms about the means than the observation-based P � E.

4. Conclusions

In order to relate precipitation (P) and evaporation (E) to the relevant moisture transport processes, we diag-
nose P and E as functions of the water vapor transport terms in the budget equation (1): the moisture advec-
tion (Qadvt ≡ –V · ∇Q) and the moisture tendency by dynamical convergence (Qcnvg ≡ –Q∇ · V). Regimes in the
phase space spanned by these two parameters are associated with certain atmospheric circulations and
cloud systems (Wong et al., 2016) (or supporting information). Differences of P, E, and P � E over the ocean
among different gridded products are diagnosed on this phase space to demonstrate their relationships to
moisture transport.

The TRMM3B42 gridded rain product (simply referred to as TRMM in the text) has larger precipitation
frequency compared to the GPCP gridded product in both cases of convective rain and boundary layer warm
rain. Possibly because of the PR, the TRMM product has larger precipitation intensity (defined as the averages
of nonzero precipitation) than the GPCP product in regimes of large convergence (Qcnvg > 8 mm/d), where
TRMM has stronger extreme precipitation (Behrangi et al., 2012). TRMM has smaller intensity than the GPCP
product when there is moisture divergence (Qadvt + Qcnvg < 0), where TRMM detects more events of
light rain.

Surface E is the strongest when both Qadvt and Qcnvg are largely negative (strong moisture divergence). The
OAFlux, SeaFlux, and IFREMER E products have similar histograms in almost all regimes of the phase space. In
regimes of moisture divergence (Qadvt + Qcnvg < 0), histograms of the OAFlux E skew toward higher
evaporation rates, resulting in its largest values compared to SeaFlux and IFREMER. In regimes of moisture
convergence (Qadvt + Qcnvg > 0), IFREMER has slightly larger evaporation rates than OAFlux and SeaFlux.

The 90th and 95th percentiles of P � E are mainly controlled by the variability in P, while the 5th and 10th
percentiles of P � E are mainly controlled by the variability in E. As a result, extremely large as well as mean
P� E in regimes with deep convection (Qcnvg> 0) are more affected by discrepancies in P estimates. While in
regimes of frequent boundary layer clouds (or warm rain), where the mean P has about the same magnitude
as the mean E, the discrepancies in mean P � E are determined by both differences in P and E estimates. In
regimes with deep convection (Qcnvg> 0), histograms of P� E inferred fromMERRA-2 and ERA-Interimmoist-
ure budgets are closer to balance with the P� E computed using the TRMM P than those using the GPCP P. In
nonconvergent regimes (Qcnvg ≤ 0), the reanalysis moisture budgets infer P� E histograms that are relatively
symmetric about the means, while the observation-based P � E skew toward positive values. It is interesting
to test how ocean models forced by different P and E data sets have different simulations of salinity and
circulation. For example, the larger negative values of the reanalysis inferred P � E in the divergent regimes
(i.e., Figures 4a, 4d, and 4g) and the A–C0 regime (Figure 4h) may suggest higher salinity over these regimes
when the reanalysis P � E is used to force ocean models than the observation-based P � E.

Future work should look for samples for which P and E have large discrepancies among products and inves-
tigate the corresponding discrepancies in the relevant input variables (e.g., near-surface wind speed, specific
humidity, and sea surface temperature). Then, how the discrepancies in these input variables are related to
large-scale conditions can be further studied.
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