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and Temperature Structure 
with Dual-Sensor Lagrangian Drifters During SPURS-2

SPECIAL ISSUE ON SPURS-2: SALINITY PROCESSES IN THE UPPER-OCEAN REGIONAL STUDY 2

A dual-sensor drifter just deployed in its 
biodegradable box from R/V Roger Revelle 
on August 24, 2016. The box degrades in a 
few hours and the drifter releases. Small-
scale rain can be seen on the horizon. 
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INTRODUCTION
Despite the importance of sea surface 
salinity (SSS) as an indicator of the hydro-
logical cycle (Rhein et  al., 2013), many 
details of air-sea interaction responsible 
for freshwater fluxes and processes that 
determine near-surface salinity stratifi-
cation and its variability are still poorly 
understood. This limited knowledge 
is primarily due to a lack of dedicated 
observations. Historically, salinity and 
temperature have been measured during 
hydrographic surveys. Since the early 
2000s, Argo floats have provided regular, 
nearly global (achieved in 2005) measure-
ments of these parameters in the upper 
2,000 m of the water column. The down-
sides of both the ship-borne CTD and 
Argo measurements are their coarse spa-
tial and temporal sampling, and most are 
limited to depths greater than 5 m. This 
means that the near-surface temperature 
and salinity stratification due to fresh-
water fluxes cannot be measured with 
these tools. Furthermore, rain puddles in 
the ocean are transient, small-scale, shal-
low (a few meters), and patchy structures, 
sensitive to the ship wake, which compli-
cates their observation even more.

The advent of satellites capable of 
monitoring SSS, such as the Soil Moisture 
and Ocean Salinity (SMOS; Kerr et  al., 
2010), Aquarius (Lagerloef et  al., 2008), 
and Soil Moisture Active Passive (SMAP; 
Fore et  al., 2016) missions, has greatly 

advanced our knowledge of SSS distri-
bution and variability globally. However, 
the spatial resolution of satellite retriev-
als is too coarse to study the upper-ocean 
salinity changes caused by transient rain 
events. In addition, the satellites mea-
sure salinity within the upper 0.01 m skin 
layer, which can differ significantly from 
salinity at 5 m depth. Dong et al. (2017) 
reported differences between Aquarius 
SSS and Argo 5 m salinity as large as 
±0.5 psu. This could be due to the differ-
ent measurement depths (~0.01 m and 
5 m), different temporal and spatial sam-
pling, and biases in satellite SSS retrieval, 
among others. Freshening in the upper 
few meters due to rainfall events can eas-
ily exceed 1 psu (Drushka et  al., 2016) 
and, therefore, can significantly contrib-
ute to the observed differences between 
satellite and Argo salinity data in regions 
of strong precipitation (Boutin et  al., 
2016). Freshening can also favor shal-
low temperature stratification and limit 
the depth of convection and wind stirring 
(Grodsky et al., 2008).

In order to study near-surface salin-
ity structure in great detail and to link 
satellite observations of SSS with all the 
oceanic and atmospheric processes that 
control its variability, NASA initiated 
two field campaigns within the frame-
work of the Salinity Processes in the 
Upper-ocean Regional Study (SPURS) 
project (https://spurs.jpl.nasa.gov/). The 

first campaign, SPURS-1, took place in 
the evaporation- dominated subtropi-
cal North Atlantic Ocean in 2012–2013. 
The second campaign, SPURS-2, focused 
on a 3° × 3° domain in the Intertropical 
Convergence Zone (ITCZ) in the east-
ern equatorial Pacific (123.5°–126.5°W 
and 8.5°–11.5°N; Figure 1a,b), where the 
near-surface salinity is strongly dominated 
by precipitation. During the first SPURS-2 
cruise in August–September 2016 aboard 
R/V Roger Revelle, a complex multi- 
instrument oceanographic survey was 
conducted (Lindstrom et al., 2017). 

As part of this field campaign, NASA 
and NOAA’s Atlantic Oceanographic and 
Meteorological Laboratory (AOML) sup-
ported the deployment of six dual-sensor 
Lagrangian drifters that were specifically 
designed to measure temperature and 
salinity near the surface (~0.4 m) and at 
5 m depth (in waveless conditions). This 
deployment complemented the other 
types of near-surface salinity measure-
ments obtained during the cruise, both 
autonomous (Lindstrom et  al., 2017) 
and ship-based, for example, with Wave 
Gliders (Hodges and Fratantoni, 2014), a 
surface salinity profiler (SSP; Asher et al., 
2014a), and a salinity snake (Schanze 
et al., 2014). The main objectives of this 
deployment were (1) to explore salinity 
stratification in the upper 5 m and pro-
cesses that determine it, in particular in 
relation to rain events, and (2) to provide 
an observational benchmark for validat-
ing satellite SSS retrievals in precipitation- 
dominated regions. In this paper, we 
report on these unique observations and 
present science results with respect to the 
objectives of the deployment.

OBSERVATIONS WITH 
DUAL-SENSOR DRIFTERS
For this experiment, we used spe-
cially designed SVP-S (Surface Velocity 
Program – Salinity) drifters manufac-
tured by Pacific Gyre (https://www.
pacificgyre.com). The same drifters 
were deployed earlier in the subtrop-
ical South Pacific (Dong et  al., 2017). 
Each drifter was equipped with a battery 

ABSTRACT. Sea surface salinity (SSS) is among the key indicators of air-sea buoy-
ancy fluxes and the global hydrological cycle. Contributing to the second phase of the 
Salinity Processes in the Upper-ocean Regional Study (SPURS-2) carried out in the 
precipitation-dominated Intertropical Convergence Zone of the eastern Pacific, we 
deployed six Lagrangian drifters equipped with two pairs of temperature and conduc-
tivity sensors at 0.4 m and 5 m depth. Over the first three months, the drifter mea-
surements revealed that (1) the wind strongly affects surface freshening resulting from 
rainfall and diurnal warming so that near-surface salinity and temperature gradients 
generally do not form at wind speeds greater than 7 m s–1, (2) temperature and salinity 
differences between the two measurement depths are positively correlated for the cases 
of surface warming/salinification and freshening/cooling, (3) the lifetimes of rain- 
induced salinity anomalies can reach 24 hours, longer than previous estimates, (4) tem-
perature (at 0.4 m and 5 m depth) and salinity (at 0.4 m depth) exhibit diurnal cycles, 
modulated by the wind, and (5) the differences that have been observed between satel-
lite SSS and the standard uppermost salinity from Argo measurements are unlikely to 
be related to the difference in measurement depths (surface skin layer vs ~5 m depth). 
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outliers in temperature, salinity, and geo-
location data.

Table 1 displays the drifter identifi-
cation numbers, dates and locations of 
deployment, and the average tempera-
ture (∆T = ∆T0.4 − ∆T5.0) and salinity 
(∆S = ∆S0.4 − ∆S5.0) differences between 
0.4 m and 5 m depth, as well as their stan-
dard deviations. The first drifter (ID num-
ber 145738) was deployed at the north-
ern boundary of the SPURS-2 domain 
(Figure 2b); three drifters (#145718, 
#145722, #145733) were deployed in a 
cluster near the central SPURS-2 moor-
ing (the red triangle in Figure 1b); one 
drifter (#145778) was deployed near 

FIGURE 1. (a) Map of the eastern 
equatorial Pacific with the August–
November 2016 mean sea surface 
salinity (SSS) measured by the Soil 
Moisture Active Passive (SMAP; 
color) satellite and the trajectories of 
six NOAA-AOML dual-sensor salinity 
drifters in August–November 2016 
(curves). (b) Ten-day averages of SSS 
measured by the Soil Moisture and 
Ocean Salinity (SMOS) satellite from 
August 21, 2016, to September 20, 
2016, (color) and drifter trajectories 
(curves). Dashed curves show trajec-
tories for the past 10-day time inter-
vals, while solid segments show tra-
jectories over the current 10-day 
time interval. The trajectory of drifter 
#145718, whose records are shown in 
Figure 2a–d, is shown by red curves. 
(c)  The records of salinity at 0.4 m 
(red) and 5 m (blue) depths by drifter 
#145738, whose trajectory is shown 
by magenta curves in Figure 1b. The 
SSS data from SMOS and SMAP 
interpolated on the drifter positions 
in space and time are shown by black 
and magenta curves, respectively. 
SMOS data are shown for 25 km 
(solid), 50 km (dashed), and 100 km 
(dashed- dotted) resolutions. In (a) 
and (b), SPURS-2 stations/moorings 
are shown by dots/ triangles. Arrows 
show the OSCAR surface veloci-
ties averaged over the study inter-
val (August–November 2016) in (a), 
and over 10-day time intervals in (b). 
NEC = North Equatorial Current. ECC 
= North Equatorial Countercurrent. 
SEC = South Equatorial Current. ITCZ 
= Intertropical Convergence Zone.

imately ±3 × 10–3 psu) and ±2 × 10–3 °C, 
respectively. The sampling interval was 
about 30 minutes. The drifters each had 
a standard Global Drifter Program-style 
holey-sock drogue centered at 15 m to 
follow currents at this depth. Each drifter 
was packed and deployed in a biodegrad-
able box that allowed proper deployment 
of the drogue, tether, and surface float. 
For the study presented here, in order to 
focus on the conditions similar to those 
in the SPURS-2 domain, we used only 
about three months of drifter records 
starting from the times of deployment 
(Table 1) to the beginning of December 
2016. The drifter records were cleaned for 

pack, a satellite transmitter, and two sets 
of conductivity/ temperature sensors: one 
(SBE-37SI) was mounted to the bottom 
of an upgraded (46 cm in diameter) sur-
face float to avoid direct radiative heating, 
and the other was tether-mounted at 5 m 
depth (SBE-37SM). The SBE-37SI instru-
ment was mounted vertically in a cylin-
drical cover about 32 cm long, with tem-
perature and salinity sensors collocated 
roughly at the center of the cover. In wave-
less conditions, the float sits in the water 
at its equator, putting the upper sensors 
about 0.4 m below the surface. The accu-
racies of the conductivity and tempera-
ture sensors are ±3 × 10-4 S m–1 (approx-

Days 234–244
(August 21–31, 2016)

Days 245–254
(September 1–10, 2016)

Days 255–264
(September 11–20, 2016)
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Drifter 
ID

Deployment 
Date

Lat 
(°N)

Lon 
(°W)

Speed ± σ 
(m s–1)

∆T ± σ
(°C)

∆S ± σ
(psu)

145738 Aug 21, 2016 11°29.68' 125°00.01' 0.32 ± 0.16 0.064 ± 0.222 −0.020 ± 0.102

145718 Aug 23, 2016 10°03.23' 125°00.60' 0.35 ± 0.17 0.038 ± 0.228 −0.017 ± 0.082

145722 Aug 26, 2016 10°04.45' 125°00.77' 0.35 ± 0.16 0.038 ± 0.231 −0.021 ± 0.112

145733 Aug 26, 2016 10°03.46' 124°59.98' 0.41 ± 0.19 0.036 ± 0.226 −0.012 ± 0.093

145778 Aug 31, 2016 10°20.35' 124°05.20' 0.45 ± 0.15 0.023 ± 0.165 −0.022 ± 0.110

145787 Sep 7, 2016 08°36.00' 125°00.00' 0.32 ± 0.13 0.014 ± 0.106 −0.006 ± 0.036

Average 0.37 ± 0.17 0.035 ± 0.201 −0.016 ± 0.094

TABLE 1. The identification numbers of dual-sensor drifters; dates and locations of their deploy-
ments in the SPURS-2 region; average speeds of drifters, and average temperature and salinity dif-
ferences between 0.4 m and 5.0 m depth over the first ~3 months after deployment. The variabil-
ity of each measurement is shown by one standard deviation (σ). The averages are weighted by the 
number of valid measurements available from each drifter.

the southern boundary of the SPURS-2 
domain; and the last drifter (#145787) was 
deployed about a half-degree west of the 
central mooring. As demonstrated by the 
time-mean (August through November 
2016) field of SSS from SMAP and drifter 
trajectories during the first three months 
after the deployment, all six drifters stayed 
within the low-salinity ITCZ and were 
carried eastward by the North Equatorial 
Countercurrent (NECC) heading toward 
the equatorial Pacific SSS minimum off 
the coast of Central America (Figure 1a). 
The drifters moved with average speeds 
of 0.3–0.4 m s–1 (Table 1), in good agree-
ment with ⅓° resolution OSCAR (Ocean 
Surface Current Analysis Real-time) 
near-surface currents (Figure 1a,b).

The drifter trajectories and records 
were influenced by mesoscale fea-
tures, mostly associated with westward- 
propagating signatures of tropical insta-
bility waves. For example, drifter #145738 
was deployed in a positive salinity anom-
aly, as evidenced by concurrent mea-
surements from SMOS (Figure 1b). This 
anomaly was associated with a cyclonic 
circulation that initially carried the drifter 
southward toward the northern SPURS-2 
mooring. As the salinity anomaly prop-
agated westward, the drifter moved to a 
lower salinity region on days 240–241. 
This is well supported by both satellite 
and drifter salinity records (Figure 1b,c). 
Besides this gradual change of salinity, the 
drifter records also show short-term fluc-
tuations caused by (1) the diurnal cycle 
at the beginning of the record (days 236–
237), and (2) rain events (days 238–241).

Figure 2a,b displays the temperature 
and salinity records for drifter #145718 
for the period considered in this study 
(the drifter trajectory is highlighted 
in Figure 1a,b). Similar records were 
obtained for all six drifters. As the drift-
ers moved eastward-southeastward, the 
temperature at both depth levels (0.4 m 
and 5 m) gradually decreased by about 
1°–2°C (Figure 2a), subject to diurnal 
fluctuations that were more pronounced 
at the surface. The average ∆T for all drift-
ers is 0.035°C with a standard deviation 
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FIGURE 2. (a) Temperature and (b) salinity records from drifter #145718 at 0.4 m (red curves) and at 
5 m (blue curves) depths; differences between (c) temperature and (d) salinity measurements at the 
two depths; and concurrent estimates of (e) precipitation (red bars) from Tropical Rainfall Measuring 
Mission (TRMM) and (black) Modern-Era Retrospective Analysis for Research and Application ver-
sion 2 (MERRA-2) reanalysis, and (f) wind speed from (red dots) the Advanced Scatterometer 
(ASCAT) and (black) MERRA-2 reanalysis. 
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of 0.201°C (Figure 2c, Table 1). The pos-
itive temperature difference and its rela-
tively large standard deviation are due to 
irregular strong diurnal signals at 0.4 m 
compared to 5 m depth. Salinity changes 
were mostly due to transient mesoscale 
features and rain events (Figure 2b). 
Frequent rain events in the region are 
responsible for the negative average ∆S of 
−0.016 psu with a standard deviation of 
0.094 psu (Figure 2d, Table 1).

IMPACT OF PRECIPITATION 
AND WIND
To investigate the impact of atmospheric 
forcing on the near-surface tempera-
ture and salinity stratification, the drifter 
records were compared to observed and 
modeled precipitation and wind data. 
Satellite observations of rain used in this 
study are the output from the TRMM 
(Tropical Rainfall Measuring Mission) 
Multi- satellite Precipitation Algorithm 
(TPMA), provided by the Goddard 
Distributed Active Archive Center on a 

0.25° × 0.25° grid and at three-hour tem-
poral resolution (Huffman et  al., 2010; 
TRMM, 2011; https://disc.gsfc.nasa.gov/). 
Satellite measurements of wind speed 
were obtained from the 12.5 km resolu-
tion Advanced Scatterometer (ASCAT) 
Level 2 Wind Product generated through 
the processing of reprocessed scatterom-
eter backscatter data originating from 
the ASCAT instrument on EUMETSAT’s 
Metop satellite (EUMETSAT, 2016). In 
addition, both precipitation and wind 
speed data were obtained from the 
Modern-Era Retrospective Analysis 
for Research and Application version 2 
(MERRA-2) product (GMAO, 2015). 
The MERRA-2 is a NASA atmospheric 
reanalysis for the satellite era using the 
Goddard Earth Observing System Model, 
Version 5 (GEOS-5) with its Atmospheric 
Data Assimilation System, available on a 
0.5° × 0.625° grid with one-hour tem-
poral resolution. The precipitation and 
wind data have been linearly interpolated 
onto the locations and times of the drifter 

measurements (Figure 2e,d).
Overall, there is a reasonable corre-

spondence between the negative ∆S and 
rain events (Figure 2e). The observed 
∆S is better correlated with the satellite- 
derived precipitation from TRMM 
(r = −0.3) than with the MERRA-2 precip-
itation (r = −0.1). Although the TRMM 
data are assimilated in MERRA-2, not all 
rain events present in TRMM are repro-
duced by MERRA-2. The correlation 
between the TRMM and MERRA-2 pre-
cipitation data interpolated onto the loca-
tions of drifter measurements is 0.37. The 
large scatter between ∆S and TRMM pre-
cipitation rates (Figure 3d) illustrates that 
the relationship is hardly linear. A simi-
lar result has been obtained with iden-
tical drifters in the subtropical South 
Pacific (Dong et al., 2017), and with reg-
ular SVP-S drifters measuring conduc-
tivity and temperature at ~45 cm depth 
deployed in the Atlantic and South 
Pacific (Boutin et al., 2014). This is proba-
bly because of the differences in sampling 

a

c d

b FIGURE 3. (a) Scatter of tem-
perature (∆T) and salinity (∆S) 
differences between 0.4 m 
and 5 m depths with color 
showing the associated den-
sity differences. (b) Same as 
(a), but for the positive ∆T and 
∆S with the black line show-
ing regression of ∆S on ∆T. 
(c) Same as (a), but for the 
negative ∆S and ∆T with the 
black line showing regres-
sion of ∆T on ∆S. (d) Scatter 
of precipitation from TRMM 
and ∆S. Color in (b–d) shows 
the MERRA-2 wind speed.

https://disc.gsfc.nasa.gov/
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and the local influence of wind. In con-
trast, a quasi-linear dependence between 
∆S and precipitation has been established 
using only satellite products of SSS and 
rain rate (e.g., Boutin et al., 2013; Supply 
et al., 2017). It is important to note that 
satellite precipitation products repre-
sent averages over the satellite footprint, 
while drifters provide point measure-
ments. Because rainfall events are small 
scale and patchy, it is not surprising that 
significant salinity differences between 
the drifter measurement depths do not 
always coincide with precipitation data. 

There is a much better match between 
the MERRA-2 winds and ASCAT winds, 
which are assimilated in MERRA-2 
(Figure 2f). The correlation between the 
two wind products along the drifter tra-
jectories is 0.65. The largest salinity dif-
ferences between 0.4 m and 5 m depths 
generally occur when wind speeds are less 
than about 7 m s–1 (Figures 2f and 3d) 
and precipitation is below 5 mm hr–1 
(Figure 3d). This is due to the fact that 
stronger rainfall is usually associated 
with stronger winds that enhance mix-
ing and, thus, reduce or eliminate near- 
surface stratification. The salinity dif-
ferences are generally small (less than 
±0.5 psu) at wind speeds ≥8 m s–1, even 
for strong precipitation. There are only 
a few cases in which rather strong pre-
cipitation from 4 mm hr–1 to 7 mm hr–1 
induces ∆S <−1 psu at wind speeds of 
about 7 m s–1.

Assuming that ∆S of less than −0.05 psu 
in the drifter data is representative of rain-
fall, we identified 95 rain events during 
the first three months of drifter observa-
tions. Among them, 75 events were asso-
ciated with −0.5 < ∆S ≤  −0.05 and only 
20 with −2.0 ≤ ∆S < −0.5. Figure 4 dis-
plays the composites of salinity (c,d) 
and temperature (e,f) at 0.4 m and 5  m 
depth, as well as TRMM precipitation 
and MERRA-2 wind speed (a,b) for the 
two ∆S ranges, centered at the mini-
mum ∆S. The maximum TRMM pre-
cipitation is about 1 ± 0.3 mm hr–1 
for −0.5 < ∆S ≤ −0.05, and it doubles 
(2.2 ± 1.0 mm hr–1) for −2.0 ≤ ∆S < −0.5. 

It can be noted that TRMM precipitation 
is non-zero one day prior and one day 
after the maximum. This is probably due 
to the limited spatial and temporal reso-
lution of the TRMM data. Averaging over 
satellite footprints and subsequent fil-
tering during data processing makes the 
rain-affected areas larger than they are 
in reality, which results in the stretching 
of rain events over time when the satel-
lite data are interpolated onto the drifter 
trajectory. Nevertheless, the maximum 
TRMM rainfall coincides well with the 
minimum salinity at 0.4 m depth. The 
MERRA-2 wind speed for all identified 
rainfall events is about 5 ± 1 m s–1. 

All significant rain events are char-
acterized by a rapid (3–6 hours long) 
decrease of surface salinity and then a 
more gradual recovery after the precip-
itation reaches its maximum. The aver-
age decrease of salinity at 0.4 m depth 
is 0.21 ± 0.05 psu for −0.5 <∆S ≤ −0.05 
and 0.93 ± 0.06 psu for −2.0 ≤ ∆S < −0.5. 
Salinity at 5 m depth also decreases by 
0.07 ± 0.06 psu for −0.5 <∆S ≤ −0.05 psu 
and by 0.11 ± 0.07 psu for −2.0 ≤ ∆S < −0.5. 
Although the observed salinity reduc-
tion at 5 m depth during rainfall is sig-

nificant, the difference in salinity reduc-
tion between the two ∆S intervals is not. 
As expected, there is a time lag between 
freshening at the surface and the asso-
ciated salinity change at 5 m depth. On 
average, it takes about two to three hours 
for salinity at 5 m depth to respond to 
rapid freshening at the surface. 

It is interesting to note that rain- 
induced freshening is also associated 
with surface cooling, likely because 
freshwater brought by rainfall is usu-
ally colder than the seawater. In addi-
tion, winds tend to be stronger during 
rain events, which enhances evaporation 
and also contributes to surface cooling. 
The observed surface cooling during the 
peak of precipitation is −0.19 ± 0.17°C for 
weak and moderate surface freshening 
(−0.5 < ∆S ≤ −0.05) and −0.39 ± 0.13°C 
for strong freshening (−2.0 ≤ ∆S < −0.5). 
There is also a slight cooling at 5 m 
depth in both cases, but it is not statisti-
cally significant.

One of the interesting questions is 
how long the precipitation-induced 
salinity anomalies (rain puddles) per-
sist before they dissipate. The advantage 
of using surface drifters over other types 
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FIGURE 4. Composites for the periods of (a,c,e) moderate (0.05–0.5 psu) and (b,d,f) strong 
(>0.5 psu) salinity differences between 0.4 m and 5 m depths: (a–b) (blue) TRMM precipitation and 
(red) MERRA-2 wind speed; (c–d) salinity at (red) 0.4 m and (blue) at 5 m depths; (e–f) temperature 
at (red) 0.4 m and (blue) 5 m depths. Shading shows 2 standard errors.



Oceanography |  Vol.32, No.272

of measurements is that drifters provide 
quasi-Lagrangian observations by fol-
lowing currents and advection pathways 
at 15 m depth. If the vertical gradient of 
horizontal velocity between the surface 
and 15 m depth were small, the drifters 
would tend to move with salinity anom-
alies caused by patchy rain events. Thus, 
they would be able to trace rain puddles 
until they dissipate, providing estimates 
of their lifetimes. In reality, however, if 
there is vertical velocity shear, rain pud-
dles can move differently than the water 
at 15 m depth. In this case, drifters will 
occasionally cross rain-induced salinity 
anomalies before they disappear, result-
ing in a low lifetime bias. Nevertheless, 
up to now these are the best observa-
tions of rain puddles in a Lagrangian 
sense, and our drifter observations pro-
vide the lower bounds for the lif   etime of 
rain-induced salinity anomalies. As fol-
lows from the composites in Figure 4, the 
duration of freshening is mostly limited 
by rain events, although it is necessary to 
remember a much larger auto-correlation 
of rain data compared to drifter records. 
The lifetime of rain-induced freshening 
(rain puddles) can span up to 24 hours, 
although the largest ∆S is observed over 
the period of a few hours, as previously 
reported (e.g., Boutin et al., 2016).

RELATIONSHIP BETWEEN 
TEMPERATURE AND SALINITY 
DIFFERENCES 
Earlier deployment of identical dual- 
sensor drifters in the evaporation- 
dominated subtropical South Pacific 
in 2015 revealed a positive correlation 
between the temperature (∆T) and salin-
ity (∆S) differences between the two mea-
surement depths (Dong et  al., 2017). 
Drifters deployed in the ITCZ during the 
SPURS-2 campaign exhibit a similar rela-
tionship (Figure 3a). Three regimes are 
evident: (1) surface salinification (∆S > 0) 
and warming (∆T > 0), (2) surface fresh-
ening (∆S < 0) and cooling (∆T < 0), 
and (3) surface freshening (∆S < 0) and 
warming (∆T > 0). The latter regime is 
apparently associated with occurrences of 

rainfall being warmer than the sea water 
and/or with cases when solar heating 
warmed the surface of a salinity anomaly 
before it dissipated. We find that both are 
independent of the strength of a salinity 
anomaly. Despite the atmospheric forcing 
in all three regimes, the upper 5 m of the 
water column remained stably stratified, 
as illustrated by the density differences 
between 0.4 m and 5 m depth (Figure 3a). 

The first two regimes (salinification 
and warming; freshening and cooling) 
to some extent exhibit a linear relation-
ship between ∆T and ∆S. The correla-
tion between ∆T and ∆S for the periods 
of surface salinification and warming is 
0.65, while the correlation between ∆T 
and ∆S for the periods of surface fresh-
ening and cooling is 0.79. For the first 
regime, strong diurnal surface warming 
(∆T > 0) and evaporation, which usu-
ally happen during clear sky and low 
wind conditions, can make the surface 
water saltier than water at 5 m depth 
(∆S > 0; e.g.,  days 235–236 in Figure 1c 
and days 256, 273, 287 in Figure 2b,d). 
The linear regression analysis sug-
gests that a 1°C temperature difference 
between 0.4 m and 5 m depth leads to 
an approximately 0.05 ± 0.02 psu differ-
ence in salinity, where the uncertainty 
is one standard deviation of the residu-
als (Figure 3b). This is exactly the same 
rate we obtained earlier in the subtropi-
cal South Pacific (Dong et al., 2017). The 
differences become larger at low wind 
speeds (generally less than 3 m s–1), but 
generally stay below 0.1 psu, in agree-
ment with an empirical model by Asher 
et al. (2014b). 

For the second regime (freshening 
and cooling), if the salinity difference is 
regarded as an indicator of the amount of 
colder rainwater entering the ocean, then 
regressing ∆T on ∆S (predictor) yields 
surface cooling of about 0.4 ± 0.04°C per 
1 psu surface freshening (Figure 3c). The 
scatter between ∆T and ∆S for the peri-
ods of surface freshening and cooling 
indicates that the large negative salin-
ity differences of less than −0.5 psu most 
of the time occur at wind speeds below 

6 m s–1. Nevertheless, it is interesting to 
note that there is an isolated cluster of 
points with large negative ∆T and ∆S and 
wind speeds of about 7 m s–1 (Figure 3c). 
This cluster is associated with strong 
rainfall that overcomes the enhanced 
wind-induced mixing and still generates 
large ∆S, while both rainwater and wind 
favor stronger negative ∆T. The observed 
dependence between ∆T and ∆S for the 
periods of freshening and cooling com-
pares well to earlier studies (Reverdin 
et al., 2012; Bellinger et al., 2016). 

DIURNAL CYCLES OF 
TEMPERATURE AND SALINITY
Daytime warming and nighttime cooling 
cause the diurnal cycles of temperature 
and salinity in the drifter records. The 
diurnal cycle is particularly pronounced 
in temperature records at both measure-
ment depths (e.g., Figure 2a). To analyze 
the properties of the diurnal signals, the 
drifter records were first subsampled at 
10-minute intervals and then averaged 
to hourly. The daily averages at the two 
measurement depths were subtracted in 
order to remove day-to-day variability, 
and the record-averaged temperature and 
salinity were added back. Periods with 
∆S < −0.2 psu, presumably correspond-
ing to strong rain events, were masked, so 
that they did not influence the computa-
tion of the diurnal amplitude and phase. 
The diurnal cycle was then obtained by 
the least-squares fit of two harmonic 
functions with diurnal and semidiurnal 
frequencies. The amplitude and phase 
were computed as the half-range of the 
sum of these functions and the hour of 
the daily maximum, respectively. 

During clear sky and low wind condi-
tions, diurnal warming at the surface can 
substantially exceed (up to 2°C) the diur-
nal warming at 5 m depth (Figure 2a). The 
average amplitudes of the diurnal cycle of 
temperature are about 0.12°C at the sur-
face and 0.05°C at 5 m depth (Figure 5a), 
very close to those observed earlier in the 
subtropical South Pacific (Dong et  al., 
2017). The daily maximum of tempera-
ture at the surface is observed at 14:30 



Oceanography  |  June 2019 73

solar time. Because it takes some time for 
the heat to reach deeper layers, the daily 
maximum at 5 m is observed at 16:30 
solar time. The diurnal cycle of salinity 
is only well pronounced at the surface, 
reaching an amplitude of 4 × 10–3 psu, 
which is just slightly above the accuracy 
of the conductivity sensor (±3 × 10–3 psu) 
(Figure 5b). The small diurnal amplitude 
of the near-surface salinity confirms ear-
lier observations in other regions with 
moorings (Cronin and McPhaden, 1999) 
and drifters (Reverdin et al., 2012; Dong 
et al., 2017). It is interesting to note that 
during nighttime cooling, the surface 
tends to be slightly (although statistically 
insignificantly) colder than the water 
at 5 m depth (no matter the potential 
or in situ temperature used; Figure 5a). 
However, the greater daily averaged salin-
ity at 5 m depth compared to salinity at 
0.4 m depth (Figure 5b) maintains stable 
density stratification at almost all times 
(Figure 3a).

The diurnal amplitude of temperature 
depends on the wind speed (Figure 5c). 
At the surface, it reduces by an order of 
magnitude, from around 0.4°C to 0.05°C, 
as the wind speed increases from 1 m s–1 
to 9 m s–1. This is expected, because at low 
wind speeds, (1) the sky is either clear or 
partly cloudy, so that the diurnal warm-
ing is enhanced by direct solar heat-
ing, (2) there is less latent heat flux, and 
(3) weak mixing suppresses the down-
ward turbulent heat flux in the upper 
water column. At 5 m depth and for the 
same range of wind speeds, the ampli-
tude reduces more gradually from 0.1°C 
to 0.04°C. The uncertainty in the ampli-
tude at the surface is very large at low 
wind speeds (±0.22°C at 1 m s–1). This 
is partly because the amplitude is also a 
function of insolation, which can vary 
significantly depending on cloudiness. 
At stronger wind speeds, the sky is usu-
ally overcast, thus reducing the fluctua-
tions of insolation. At wind speeds above 
6 m s–1, the diurnal amplitude at the sur-
face is not statistically different from that 
at 5 m depth, meaning that the upper 
water column becomes well mixed. Wind 

has little impact on the timing of the 
daily temperature maximum at the sur-
face, but it strongly influences it at 5 m 
depth (Figure 5d). Generally, tempera-
ture at the surface reaches its maximum 
between 14:00 and 15:00 solar time. At 
low wind speeds (0–3 m s–1) when verti-
cal mixing is weak, the diurnal tempera-
ture maximum at 5 m depth occurs two 
to four hours later. At wind speeds above 
6 m s–1, the times of the diurnal maxima 
at both depths are not statistically differ-
ent from each other.

COMPARISON WITH SATELLITE 
SEA SURFACE SALINITY 
The mean ∆S measured by drifters in the 
ITCZ (Table 1) is more than an order of 
magnitude smaller than the differences 
between the satellite SSS and the upper-
most measurements of salinity by Argo 
floats (±0.5 psu). This supports a con-

clusion by Dong et  al. (2017) that the 
differences between the satellite skin 
measurements and in situ data are not 
due to the differences in measurement 
depths. To validate the satellite SSS with 
drifter measurements at 0.4 m depth, 
the drifter records were linearly interpo-
lated onto concurrent 10-day averaged 
debiased Release-5 SSS maps from SMOS 
at three resolutions (25, 50, and 100 km) 
and on daily (eight-day running mean) 
Version-4 SSS maps from SMAP at a res-
olution of about 60 km (both SMOS and 
SMAP are Level 3 data). The satellite- 
derived SSS records for the first 10 days of 
drifter #145738 measurements are shown 
in Figure 1c, and the root-mean-square 
(RMS) differences between salinities at 
0.4 m depth measured by all six drifters 
and SSS are presented in Table 2. 

The RMS differences demonstrate that 
errors in satellite retrievals are rather 

a

c

b

d

FIGURE 5. Diurnal cycles of (a) temperature and (b) salinity at (red) 0.4 m and (blue) 5 m depths. 
(c) Diurnal amplitude of temperature at (red) 0.4 m and (blue) 5 m depths in relation to wind speed. 
(d) The timing of daily maximum of temperature at (red) 0.4 m and (blue) 5 m depths in relation to 
wind speed. Shading shows 2 standard errors. 
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large (0.3–0.4 psu) and similar to the dif-
ferences between the satellite SSS and 
Argo salinity at 5 m depth. The RMS dif-
ferences in Table 2 are greater than the 
RMS differences between the two drifter 
measurement depths (~0.1 psu). While 
the satellite SSS data more or less ade-
quately resolve the spatial trends in salin-
ity related to mesoscale features in the 
ocean, the satellite’s repeat cycle and the 
size of the footprint do not allow full res-
olution of the shorter and smaller scale 
variability related to the diurnal cycle 
and rainfall events (Figure 1c). In addi-
tion, satellite SSS is still subject to biases 
and temporal inconsistencies between 
the consecutive maps, which are seen as 
step-like changes of SSS from one map to 
another in Figure 1c.

CONCLUSIONS
The deployment of dual-sensor Lagrang-
ian drifters during the SPURS-2 field 
campaign in the precipitation-dominated 
ITCZ in the eastern equatorial Pacific 
revealed details in the near-surface salin-
ity and temperature structures that are 
difficult or impossible to observe with 
other platforms. Measuring salinity and 
temperature nearly at the surface (0.4 m 
depth) and at the standard uppermost 
depth of in situ observations (5 m) pro-
vides a point of reference for investigat-
ing the upper 5 m stratification and vali-
dating the satellite retrievals.

Analysis of the upper 5 m stratifica-
tion reveals dependencies of tempera-
ture and salinity gradients on each other, 

and on wind speed and precipitation. 
The observed temperature and salin-
ity differences between 0.4 m and 5 m 
depths are significantly correlated with 
each other for the following two regimes. 
(1) On one hand, strong diurnal heating 
of the ocean’s surface enhances evapora-
tion and leads to stable temperature and 
unstable salinity stratification. (2) On 
the other hand, because rain water is usu-
ally colder than the ocean’s surface, fresh-
ening during rainfall events is usually 
accompanied by a sizable surface cool-
ing. Nevertheless, the mean tempera-
ture difference between the two measure-
ment depths remains positive, mostly due 
to the well-pronounced diurnal cycle at 
the surface. Despite the occurrences of 
unstable salinity stratification, the density 
stratification remained stable throughout 
the experiment except in a few instances.

In precipitation-dominated regions, 
surface freshening during strong rain-
fall and weak winds can result in salin-
ity differences between the two mea-
surement depths of up to 2 psu. Winds 
stronger than about 6 m s–1 induce strong 
vertical mixing that inhibits the forma-
tion of the upper 5 m salinity gradient 
regardless of the strength of precipitation. 
Most of the largest salinity gradients are 
observed with wind speeds below 3 m s–1. 
The evolution of salinity measurements at 
0.4 m and 5 m depths suggests that sig-
nificant rain events are characterized by 
the rapid decrease of the surface salin-
ity and then by a more gradual recov-
ery period. The salinity at 5 m depth 

responds to this freshening with a delay 
of two to three hours. A unique aspect 
of using Lagrangian drifters to measure 
rain-induced salinity anomalies is that 
they provide estimates of the lifetimes of 
rain puddles, which we estimate can last 
at least 24 hours.

The half-hourly drifter data exhibit 
the diurnal cycle of temperature at both 
0.4 m and 5 m depths, and the diurnal 
cycle of salinity at 0.4 m. Stronger winds 
favor vertical mixing and, thus, reduce 
the diurnal amplitude of temperature, in 
particular at the surface. While the reduc-
tion of the diurnal amplitude at 5 m with 
increasing wind speeds is almost an order 
of magnitude smaller than at the surface, 
the time of the daily maximum at 5 m 
depth is much more strongly influenced 
by wind speed. For low wind speeds 
(< 5 m s–1), the daily temperature max-
imum at 5 m occurs one to four hours 
later than at the surface. With stronger 
winds (> 6 m s–1), the diurnal amplitudes 
and phases of temperature at both depths 
do not change significantly, and they are 
not statistically different from each other, 
meaning that the upper 5 m has become 
well mixed.

The first three months of drifter mea-
surements show that the mean salin-
ity difference between 0.4 m and 
5 m depths is negative, but very small 
(−0.016 ± 0.094 psu, where the uncer-
tainty is one standard deviation). 
However, a comparison of drifter mea-
surements at 0.4 m depth with satellite 
SSS products shows much larger (more 
than an order of magnitude) discrepan-
cies. This means that the differences that 
have been observed between satellite SSS 
and near-surface (generally at 5 m depth) 
in situ salinity measurements generally 
are not related to the difference in the 
measurement depths, but are rather due 
to errors in SSS retrievals, unresolved 
subfootprint processes (e.g.,  rainfall, 
wind gusts, variations of insolation, sub-
mesoscale fronts), or filtering and inter-
polation methods. 

TABLE 2. Root-mean-square differences (psu) between the drifter salinity measurements at the sur-
face (S0.4) and the collocated satellite-derived SSS from SMOS and SMAP missions at different spa-
tial resolutions. The average is weighted by the number of valid measurements by each drifter.

Drifter ID SMOS 25 km SMOS 50 km SMOS 100 km SMAP 60 km

145738 0.313 0.263 0.258 0.321

145718 0.401  0.392 0.440 0.476

145722 0.381 0.346 0.380 0.463

145733 0.323 0.286 0.267 0.418

145778 0.356 0.319 0.321 0.417

145787 0.325 0.304 0.286 0.432

Average 0.350 0.319 0.326 0.419
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