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Abstract: Understanding the water cycle change under the warming climate is essential, particularly
the ocean to land moisture transport, which affects the precipitation over land areas. Using ERA5
data from 1988-2020, the moisture transport and its trend around the boundary of each continent,
including the Eurasia, Africa, North America, South America, Antarctic, Australia and Greenland,
have been investigated. The inflow and outflow sections of the moisture have been identified for
each continent. The trends of moisture convergence over Eurasia, Africa, North America, Antarctic
and Australia have positive trends, with the value of 1.78 +3.11, 2.43 + 3.16, 12.92 + 2.27 and 0.34 +
0.45 (in 10°kg/s/decade), respectively, but only the trend over North America is statistically signifi-
cant at 0.1 significance level. The moisture convergence trend of -0.87 + 3.64 (in 10° kg/s/decade)
over South America is negative but insignificant. The positive trend of 0.04 + 0.35 (in 10°¢ kg/s/dec-
ade) over Greenland is very weak. Both evaporation and moisture convergence (or transport) con-
tribute to the continental precipitation, but the convergence dominates the precipitation variability
over all continents, and the correlation coefficients between the time series of continental mean con-

vergence and precipitation anomalies are higher than 0.8 in all continents.
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tral with regard to jurisdictional 1. Introduction

claims in published maps and institu- Precipitation is a part of the water cycle and it is essential for the society. Precipitation

is closely related to the moisture transport, particularly over land areas where the mois-

ture is transported from oceans to land. How will the precipitation change under the
= warming climate? It is an important question to answer.
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Submitted for possible open access  1_4] and the corresponding atmospheric circulation is getting slower [1]. This circulation

publication under the terms and con- chanoe will definitely affect the moisture transport from ocean to land, therefore affecting

the precipitation.

In this study, we will use the ERA5 atmospheric reanalysis data over 1988-2020 to
investigate the large scale moisture transport from ocean to continents, in order to have a
clear idea how these transports have changed under the warming climate. The inflow and
outflow of the vertically integrated total column moisture from different boundary sec-
tions will be described and the area convergence trend will be presented.

tional affiliations.

ditions of the Creative Commons At-
tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/).

2. Data and Methods

The precipitation, evaporation, vertically integrated eastward and northward mois-
ture fluxes and the moisture convergence from ERAS5 atmospheric reanalysis will be used
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in this study. Although there is a mass conservation problem in the reanalysis data, the
effect on the moisture transport is small [5], therefore the results are reliable. The selected
period is from 1988-2020 (33 years), in order to make comparison with observations in the
future study.

There are seven continents and they are Eurasia, Africa, North America, South Amer-
ica, Antarctica, Australia and Greenland. The time series trend is tested by the two-sided
Wald Test with t-distribution at significant level of 90%.

3. Moisture Transport to the Continents

In order to study the moisture transport through the continent boundaries, the inte-
grated fluxes along the boundary and their trend are investigated for seven continental
areas. The moisture transport through the boundaries of each continent is plotted in Fig-
ure 1. The left column of Figure 1 is the multiannual mean (1988-2020) showing the mois-
ture flux magnitude and transport direction (arrow), the color along the boundary indi-
cates the flux density in kg m™s1. The warm color means the inflow of the moisture to the
area and the cold color means the outflow of the moisture. The boundary is divided into
several sections mainly based on the boundary orientation and marked by the solid black
circles. The moisture transport is integrated by distance anticlockwisely from the starting
point of section A along the boundary as shown in the second column, together with the
color representing the slope (in kg m s7) of the curve. The positive slope means the in-
flow of the moisture to the region and the negative slope means the outflow, which share
the same meaning and scale as the first column. Some rising sections are marked and their
seasonal climatology and interannual time series are plotted in the last two columns.

For the Eurasia continent, the average moisture inflows along sections A, B and C are
212.8 = 106, 68.13 x 106, 208.57 x 10° kg s71, and the moisture outflows of sections D and E
are —149.3 x 10° and -33.4 x 106 kg s, respectively. The net moisture transport to the Eur-
asia continent is 306.79 x 10° kg s71. The intense moisture inflow is mainly from the Atlantic
for section A, and it is mainly from the west coast of the Mediterranean Sea and the Red
Sea for section B. The most intense inflow in section C is from Somali jet traveling through
Arabian Sea and reaching the west coast of India, contributing to the Indian monsoon [6]
and east Asia monsoon, and the integrated moisture inflow along this section is about
208.57 x 10¢kg s™'. However after precipitating over India, the rest moisture flows out from
the east coast and crosses the Bay of Bengal to reach the south coast of Asia. The moisture
inflow along the Bay of Bengal contributes the most and the quantity is about 200 x 10 kg
s It is also noticed there are two intense inflow sections in boundary D, one is along the
coast of South China Sea, and another one along the west coast of Korean Peninsula. The
integrated inflows are 75.05 x 106 and 79.77 x 10¢ kg s, respectively.

Along the Africa continent boundary, the average moisture inflow is 227.11 x 10°¢ in
section B and 14.17 x 10¢ kg s™'in section C. It is worth noting that the water vapor inflow
in C has a significant increase trend (5.58 x 10¢kg/s/decade) , and the moisture outflow
along section A is -142.42 x 10¢ kg s . The net moisture transport to the Africa continent
is about 99.48 x 10° kg s7'.

The general feature of the the moisture flow is the inflow from the east coast and the
outflow from the west coast of Africa, and the contribution from the north boundary is
small (Figure 1d2). Southeast coast is very distinct and the major moisture sources are
from the tropical and subtropical Western Indian Ocean (0-30° S) mainly in the summer.
The dense moisture inflow from the east coast is partly associated with the cutoff lows [8]
and the tropical storms/cyclones around Mozambique, Madagascar and Mauritius [7].The
outstanding feature is the continued accumulation of moisture from the east coast and the
amount is about 300 x 106 kg s71. It is related to both the ARs (Atomspheric River) and LLJs
(low-level jets). Another increasing part of section A is also related to the AR. The precip-
itation seasonal variability in Africa is dominated by the ITCZ (Intertropical Convergence
Zone) movement and monsoons. The tropical precipitation associated with the ITCZ is
not as strong as those over other longitudes partly due to its long traveling path of ITCZ
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[9]. But the ITCZ has complicated location and changes, which needs to be further inves-
tigated. The mean flow in Figure 1c2 cannot reflect the west African monsoon well, since
the moisture inflow from the south boundary of the west Africa is mainly from the south-
westerly of the west African monsoon, which cannot be seen from the mean flow. The
seasonal variability of the flux in section A22 shows the onset and finish months. The area
mean Africa precipitation is bimodal, consistent with the main moisture inflow from sec-
tions A21 and B21.
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Figure 1. Left column shows the seven continents and arrows are climatological moisture flux vec-
tors. Colors along the boundary indicate inflow (warm color) and outflow (cold color) of the mois-
ture. The boundary of each continent is divided into different sections. The second column is the
accumulation of the moisture flux integrated anticlockwisely from section A. The colors share the
same meaning and scale as the first column. Some strong inflow sections are marked (such as An,
Au). The third column shows the climatology of moisture inflow for marked sections in the second
column. The last column shows the anomaly time series of the inflow over marked sections in the
second column.

Over North America continent, the average moisture inflow is 73.7 x 10°kg s along
west coast and 120.15 x 10¢ kg s along east coast, and the moisture outflow along north
coast is -36.06 x 106 kg s7'. The net moisture inflow to the North America is 157.79 x 106kg
s, and the increase trend of 12.92 x 10¢kg/s/decade is statistically significant.
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For Australian continent, the easterly crosses the northern area, so there is a rapid
increase of the moisture inflow from sections C61 and D61. Their seasonal variations show
the monsoon characteristics from November to April. The flux variability and the area
mean precipitation over the land area has significant correlation coefficient of 0.50, imply-
ing that the fluxes through C61 and D61 are the main source of the precipitation there
[10,11]. Another main moisture inflow is from the west coast and it is about 70 x 106 kg s1.

Due to the page limit, results for other areas are not discussed here and some charac-
teristics can be found in Tables 1 and 2. The trends of Qret are 1.78 + 3.11 (Eurasia), 2.43 +
3.16 (Africa), 12.92 + 2.27 (North Ameica), —0.87 + 3.64 (South America), 0.34 + 0.45 (Ant-
arctic), 3.48 + 2.45 (Australia) and 0.04 + 0.35 (Greenland) (in unit of 106 kg/s/decade).

Table 1. Multi-annual mean (units: 10° kg/s) and trend of moisture flux (units: 10¢ kg/s/decade)
through the sections in Figure 1.

Eurasia QA QB QC QD QE Qrnet
annual mean 212.8 68.13 208.57 -149.3 -33.4 306.79
trend 3.21+3.42 -465+244 1.18+448 3.13+4.84 -1.09+199 1.78+3.11
Africa QA QB QC Qnet
annual mean -142.42 227.11 14.78 99.48
trend 8.59 + 4.38 543 +3.62 5.58+2.66* 243+3.16
North America QA QB QC Qnet
annual mean 73.7 120.15 -36.06 157.79
trend 7.75 + 4.08 411+3.62 1.06+1.52 12.92+2.27*
South America QA QB QC Qnet
annual mean 113.46 215.87 485.21 382.8
trend -7.03+3.19 * 1.77+3.32 4.39+3.05 -0.87+3.64
Antarctic QA QB QC Qnet
annual mean 15.33 11.13 19.35 45.81
trend -0.41 +0.28 0.71+0.24* 0.05+0.37 0.34+0.45
Australia QA QB QC QD Qnet
annual mean 29.85 0.9 40.57 -65.94 3.57
trend -7.83+3.06* 3.39+252 8.87+4.21* -095+291 3.48+2.45
Greenland QA QB QC Qnet
annual mean 23.98 -3.64 -1.2 19.14
trend -1.24 +0.83 1.90+0.82* -0.62+0.39 0.04+0.35

* indicate statistically significant by two-sided Wald Test with t-distribution at & = 0.1 significance
level.

Table 2. Multi-annual mean (units: 10° kg/s) and trend of moisture flux (units: 10° kg/s/decade)
through the sections in Figure 1.

Eurasia Aqy Aqp Az Bu Cu Ciz Dn Dy,
annual mean 77.34 60.98 156.17 104.29 173.49 209.71 75.05 79.77
trend 0.87 +2.59 1.82+237 344+346 130+151 -295+3.40 -539+3.95 -2.14+231 1.15+1.85
Africa Ag Ap Ans Ba Coy Co
annual mean 65.78 54.27 40.78 315.83 47.08 61.31
trend 1.47 £2.19 -098+0.64 117+099 544+333 436+1.24* 0.32+1.28
North America Az Bs, Bi, Cs
annual mean 256.31 287.97 178.15 53.44
trend 2.59 +1.96 1.64+3.78 7.79+2.60* -1.80+1.53
South America Ay B Cu Cy
annual mean 255.41 229.83 76 459.69
trend 3.98+1.96 * 416 +2.05* 1.88+0.51* 9.93+2.59*
Antarctic Asy Bs; Cs, Cs,
annual mean 15.08 7.77 32.48 15.82
trend -0.77 +0.38 * 0.43+0.22* 0.70+1.00 -0.20+0.52
Australia Agy Bg; Beo (% D1
annual mean 56.52 27.24 48.19 119.22 57.79
trend -5.69 +2.83 * 1.32+0.72*% 1.77+1.11* 8.07+3.42 1.62+1.97
Greenland Ay By
annual mean 23.72 7.74
trend -0.96 + 0.81 1.02 £ 0.62

* indicate statistically significant by two-sided Wald Test with t-distribution at a = 0.1 significance

level.
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4. Moisture Contribution to the Continental Precipitation

The left column of Figure 2 shows the seasonal changes of precipitation, evaporation
and VIMC (Vertically Integrated Moisture Convergence) for each continent from 1988 to
2020. The right column shows the anomaly time series of these three variables. It can be
seen that the evaporation contributes more in quantity to precipitation than VIMC over
the land at middle and low latitudes. However, the anomaly time series of precipitation
and VIMC are significantly positively correlated, and their correlation coefficients are 0.82
(Eurasia), 0.80 (Africa), 0.85 (North Ameica), 0.90 (South America), 0.99 (Antarctic), 0.85
(Australia) and 0.97 (Greenland), respectively, implying the dominance of the moisture
transport in the precipitation variability.
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Figure 2. Left column is the seasonal changes of precipitation, evaporation and VIMC (Vertically
Integrated Moisture Convergence) for each continent averaged over 1988 to 2020. The right column
is the anomaly time series of these three variables.
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5. Discussion and Conclusions

In this study, the moisture convergences over seven continents are studied. Although
all trends are positive except for the South America where the moisture convergence
showed a weak decreasing trend, only the moisture transport to the North America shows
statistically significant increase. The inflow and outflow of the moisture along the conti-
nent boundary are also investigated in details and the sections with intense inflow have
been identified and listed in Table 2. Over the middle and low latitude continents, the
evaporation is the main contributor in quatity to the continental precipitation, but the
moisture convergence dominates the variability of the precipitation.

The relationship between the intense inflow and outflow is not well investigated and
will be further investigated in the future study.
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