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Abstract

This study examines the response of a sea-surface at the Iraq marine water to changes in local meteorological elements [atmo-
spheric pressure (AP), air temperature (AT), and wind field]. Harmonic analysis was conducted to extract the tidal part and
nontidal part [meteorological tide or residual water level (RWL)] from the original water level data. The results showed relative
changes in the meteorological tide between the seasons. The changes in the meteorological tide throughout the year correlated
well with the changes in local meteorological forces. The statistical analysis results for RWL daily averages revealed that the
annual range reaches 1.08 m with the maximum and minimum limits in summer and winter, respectively. The spectral analysis
results indicated that the annual cycle of RWL accounts for only 21% of the total variance. Moreover, the variations in AP and AT
strongly corresponded with their annual cycles. For wind stress components, the annual cycle in their spectrum was insignificant
since the highest variance percentage coincided with other cycles, particularly with their high-band frequencies range. The
regression analysis showed that during winter, the variations in RWL are mainly attributed to changes in AP, cross-shore wind
stress (CSWS), and along-shore wind stress (ASWS), whereas during spring, the RWL variations are due to changes in CSWS,
ASWS, and AP. Furthermore, in summer, the RWL variations are attributed to changes in AP, AT, and ASWS, whereas in
autumn, the variations in the RWL are because of changes in AP, ASWS, and CSWS. Therefore, the results obtained could be

beneficial for various activities in this important region of the Arabian Gulf.
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Introduction

Understanding the variations in sea level is crucial for several
coastal activities, such as navigation safety, coastal infrastruc-
tures, and shoreline defense techniques. Identification of the
sea level changes requires determining important forces that
cause these variabilities. Sea level changes are mainly attrib-
uted to two principal forces, tidal (astronomical) and nontidal
(Boon 2013; Zubier 2010; Zubier and Eyouni 2020). The
contribution of these two forces in sea level variation is not
constant and varies continuously. The time scale of the sea
level variations in the coastal regions ranges from a few
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minutes to several decades (Li and Han 2015; Pugh and
Woodworth 2014; Willis et al. 2008).

Tide, caused by the mutual attraction and centrifugal forces
of the sun, Earth, and moon system, is the most significant
contributor to the sea level variations around the world. The
main remarkable feature of a tide is its periodicity, which is a
predictable parameter if appropriate techniques are applied
(Boon 2013). In addition to the tidal force, oceanographic
factors can contribute to sea level variations, which contain
the effect of several forces such as seawater expansion/con-
traction, evaporation, and the density gradient due to the ex-
change between different water masses (Stewart 2009).
Furthermore, sea level varies due to the fluctuation in the local
atmospheric forces, such as atmospheric pressure (AP) and
wind stress. Typically, sea level has an inverse relationship
to AP (Saad et al. 2011); that is, sea level rises when AP drops
and vice versa, known as an inverse barometer.

Moreover, the atmosphere drives the ocean by transferring
momentum through wind stress. Wind stress represents the
force exerted by the wind on the sea-surface, which acts by
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driving the water in the same direction as the wind. Hence, the
sea-surface will rise or fall due to this interaction (Pugh and
Woodworth 2014). Therefore, sea level responses to wind
stress depend on the magnitude and directions of the wind.
The main factors controlling the response of sea level to the
wind stress are seawater flow direction, the period of wind
blowing, and the dimensions of the water basin (Stewart
2009).

Iraq marine water is situated at the northwest tip of the
Arabian Gulf (Fig. 1). The Arabian Gulf is a semi-enclosed
water body with a length, maximum width, and mean depth
reaching 990 km, 370 km, and 36 m, respectively (Reynolds
1993).

The Arabian Gulf is one of the main waterways of oil
transport and oil industries in the world. Therefore, it receives
very high attention from researchers in various scientific
fields, in particular, oceanographic studies (Sadrinasab and
Kampf 2004; Kdmpf and Sadrinasab 2006; Alothman and
Ayhan 2010; AlOsairi et al. 2011; Siddig et al. 2019;
Ranjbar et al. 2020). Meanwhile, a study of sea level response
to the fluctuations in the local atmospheric factors has re-
ceived less attention, and limited studies have highlighted
this issue. Sharaf El Din (1990) studied the sea level variations
on the western coast of the Arabian Gulf based on daily aver-
ages. He demonstrated that the sea level is generally low in
winter and high in spring and summer. Sultan et al. (1995)
studied sea level variations at the Saudi coast, west coast of the
Arabian Gulf. They demonstrated that the range of monthly
averages of sea level reaches 0.26 m. They also indicated that
about 75% of this change was attributed to the fluctuation in
the local AP, whereas the remaining signal could be due to
density changes (steric effect). Hosseinibalam et al. (2007)
addressed the interannual variability of sea level in the
Iranian side, east coast of the Arabian Gulf. They showed that

the AP is responsible for 62-90.2% of seasonal variation in
sea level; however, including the thermosteric sea level rise
could improve the variance to 78.1-90.7%. Al-Subhi (2010)
studied characteristics of the sea level at Juaymah on the west
coast of the Arabian Gulf. He showed that the astronomical
tide is responsible for about 90% of annual changes and the
other 10% can be attributed to AP, water density, and wind
stress. Afshar-Kaveh et al. (2020) examined the relationship
between sea level fluctuation and meteorological elements
along the east coast of the Arabian Gulf. They concluded that
the low-frequency changes (the nontidal signal reaching 0.75
m) correlated with the corresponding fluctuation in air pres-
sure and wind stress. Furthermore, they demonstrated that the
impact of wind stress was higher than the effect of AP in their
studied area. At this juncture, to the best of the author’s knowl-
edge, no studies highlighted the impact of changes of the
atmospheric factors on the sea-surface fluctuations in the
northwest tip of the Arabian Gulf. AlOsairi et al. (2018) con-
ducted a harmonic analysis on water level records in Kuwait
Bay. They demonstrated that astronomical tide is responsible
for about 95% of sea level variations, whereas the changes in
RWL are due to other factors. Lafta et al. (2019) studied the
characteristics of the tidal wave in Khor Abdullah and Khor
Al-Zubair, located in the northwest tip of the Arabian Gulf.
They indicated that about 96% of annual variations in this
region are due to the astronomical tide. However, they did
not explain the reasons for the rest of the nontidal changes
and the monthly weights of the tidal and nontidal signals.
Hence, the present study aims to quantify the impacts of
the atmospheric forces on the sea-surface fluctuations in
the northwest tip of the Arabian Gulf. For fulfilling this
objective, water levels and meteorological parameters
(AP, AT, and wind speed and direction) records of the
Iraq marine water were used.

Fig. 1 Location map of the study
area showing the measurement
station
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Materials and methods
Study area

Iraq marine water is especially important as it represents the
only way toward the sea for the country. The region appears as
an estuarine environment located in the northwest tip of the
Arabian Gulf (Al-Mahdi et al. 2009; Al-Taei et al. 2014).

The Arabian Gulf tidal regime is complex and varies spa-
tially between diurnal, semidiurnal, and mixed tides. The tidal
range is large and reaches 1 m in most locations of the gulf.
This high tidal range is associated with strong tidal currents
that exceed 0.5 m/s (Najafi 1997). The most important tidal
constituents in Arabian Gulf are the semidiurnal M, and S,
and diurnal K; and O,. Semidiurnal constituents have two
amphidromic points, whereas the diurnal constituents have
one amphidromic point (Reynolds 1993).

The climate of this region is characterized by an arid desert
climate with two distinct seasons: a hot and long summer of
about 230 days and cold and rainy winter (Zakaria et al. 2013).
Rainfall occurs through the winter months, and its average is
generally low with a negligible contribution to the water bud-
get in Arabian Gulf (Reynolds 1993). High levels of AP char-
acterize the Arabian Gulf during the winter. The highest
values of AP occur in December and January. In contrast,
the high air temperature (AT) through summer forms a low
AP area covering the entire Arabian Gulf, with the lowest
values during July (Sharaf El Din 1990). The prevailing wind
regime in the northwest of the Arabian Gulf is the northwest
wind, locally known as the Shamal wind. This wind blows on
the area during most months of the year with notable seasonal
variations. The second important wind regime in the region is
the southeast wind (Kaus wind), and its period ranges from
hours to several days, but its maximum speed is higher than
the Shamal wind speed (Reynolds 1993).

Data sources

The study of long-term sea level variations in any region re-
quires several years of recorded sea level data, whereas the
study of seasonal changes can be conducted based on relative-
ly short recorded data (Abdelrahman 1997). Generally, data
for sea level measurements in Iraq marine water are scarce,
especially after the Gulf War in the 1990s. In the past decade,
Daewoo Engineering & Construction Co., Ltd., which con-
structed the western breakwater of Al-Faw port, installed a
hydrographic station near the breakwater at 29° 47.956'N,
48° 32.873'E (Fig. 1). It contained a tide gauge instrument
and a weather station. An hourly record of the water level
and meteorological parameters (AP, AT, and wind speed
and direction) for the entire year of 2017 was accumulated
from the Al-Faw station. The water level measurements were

rectified to the local vertical datum known as Faw 1979 (the
mean sea level in this region).

The variations in AT can cause fluctuations in the sea-
surface since they can influence several elements that partici-
pate in the sea level changes. Water expands when its temper-
ature rises as a result of thermal expansion (IPCC 2013).
Moreover, AT was chosen for quantifying the changes in
sea level due to the lack of salinity and water temperature
measurements.

Quantifying the influence of the atmospheric forces on the
sea-surface fluctuations requires removing the tidal signal
from the original water level data, commonly conducted by
performing a harmonic analysis of the tide. The main impor-
tant feature of the tidal harmonic analysis is distinguishing
between the tidal and nontidal (RWL) signals. RWL is attrib-
uted to forces other than the tidal force (Al-Subhi 2010; Zubier
2010; Nhan 2016; Madah 2020). The Matlab World Tide, a
package for analysis and prediction of the tide (Boon 2006),
was used in the current study.

The wind vectors are divided into along-shore and cross-
shore winds depending on the direction of the coast. However,
the components of wind stress were calculated following the
relation (7,,, = Cp paw%0 ) given by Welander (1961), where
T.. v are the components of wind stress, wy is the wind speed
measured at 10 m above the sea-surface, p, is a density of air
and equal to 1.3 kg/m>, and Cp, is the wind drag coefficient
with a value of 0.0026.

The daily averages of the RWL were obtained by averaging
the resulting hourly RWL from the harmonic analysis, while
those of meteorological elements were obtained by averaging
their original, hourly recorded data. Furthermore, the monthly
averages of these variables were obtained by simply averaging
their daily averages.

Results

Water level measurements in the Iraq marine water displayed
noticeable variations ranging from hourly to annual fluctuations
due to several factors. The hourly sea level records showed a
maximum range of about 4.33 m, oscillating from 1.64 to —2.69
m (Fig. 2). This range represents the largest range recorded in
the entire Arabian Gulf water, as indicated by AlOsairi et al.
(2018) and Lafta et al. (2020). In general, the hourly variations
in the sea level can be related to the tidal effect. The harmonic
analysis results of water level (Table 1) pointed out that the
main astronomical tidal constituents (K;, Oy, Py, M5, S5, N»,
and K,) explain about 90% of annual variances of water level
fluctuations in the studied area. In contrast, the other 10%
(RWL) can be attributed to other factors such as meteorological
forces. A similar result was observed on the western coast of the
Arabian Gulf (Al-Subhi 2010).
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Fig. 2 Time series of hourly observed water level in the studied area during 2017

The monthly weights of the astronomical and meteorolog-
ical tides were calculated based on their contribution to the
original water level data as an average for each month accord-
ing to the following relations (Tonbol and Shaltout 2013):

Tidal weights

|monthly tidal average|

~ |monthly tidal average| + |monthly nontidal average|

x 100%;
Meteorological tide weights

|monthly nontidal average|

- |monthly tidal average| + |monthly nontidal averagel|

x 100%

Table 2 shows the results of these calculations. The tidal
weight varies month by month. Moreover, tidal weight is the
most major contributor to the sea level variations throughout
the year, whereas the meteorological tide displayed a relative-
ly considerable contribution during the winter and summer
months. The highest contribution of the meteorological tide
starts from late autumn to mid-winter and then drops to its
lowest contribution level in late winter. Then, it has pro-
nounced contribution in the summer, particularly during July
when it reaches the maximum limit. This oscillation in the

Table 1  Tidal constants for the main constituents from the harmonic
analysis

Constituent Period (h) Amplitude (m) Phase (degree)
0, 25.82 0.334 207.81

K, 23.93 0.515 296.21

P, 24.06 0.158 307.73

M, 12.42 0.936 271.72

S, 12 0314 27.97

N, 12.69 0.195 158.26

K, 11.97 0.111 183.36

meteorological tide could be mainly associated with variations
in the local meteorological forces. Hence, further investiga-
tions are warranted to assess the influence of these forces on
sea-surface fluctuations in this region.

Descriptive statics

Descriptive statistics were employed to recognize the annual
and seasonal (91 days for each season) changes in the daily
averages of RWL and the corresponding meteorological
parameters.

Daily averages of RWL revealed pronounced annual, semi-
annual, and seasonal fluctuations with the maximum and min-
imum heights during summer and winter, respectively. The
maximum range reaches 1.08 m (Fig. 3A; Table 3); fluctua-
tions of 0.75 m and 0.84 m were observed in the eastern and
western sides of the Arabian Gulf, respectively (Afshar-Kaveh
et al. 2020; Sultan et al. 2000). The seasonal variations in the
RWL start to rise from late spring and then start declining in
late autumn. Similar behavior of the seasonal sea level chang-
es in the eastern and western coasts of the Arabian Gulf was

Table 2 The monthly weights of the astronomical tide and
meteorological tide

Month Astronomical tide (%) Meteorological tide (%)
January 86.824 13.176
February 78.936 21.064
March 97.965 2.035
April 87.854 12.146
May 94.937 5.063
June 92.828 7.172
July 74.36 25.64
August 79.921 20.079
September 98.26 1.74
October 97.12 2.88
November 98.48 1.52
December 81.46 18.54
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Table 3 Annual and seasonal
statistical analyses (maximum, Parameters Statics ~ Annual Season
minimum, mean, and standard
deviation) of RWL and Winter Spring Summer  Autumn
atmospheric parameters
Residual water level (m) Max 0.426 0.380 0.269 0.426 0.206
Min —0.659 —0.659 —0.527 -0.119 —0.598
Mean —0.00015  —0.063 0.0031 0.112 —0.054
Stdv 0.169 0.18 0.150 0.124 0.161
Atmospheric pressure (hPa) Max 1027.68 1027.68 1017.67  1009.94  1025.69
Min 993.06 1007.66 995.25 993.06 1008.54
Mean 1009.84 1017.14 1006.1 1000.04 1016.2
Stdv 8.4 4.95 421 4.15 435
Air temperature (°C) Max 40.24 22.72 37.55 40.24 34.09
Min 8.25 8.25 2231 27.75 14.64
Mean 26.13 15.4 30.67 34.77 23.51
Stdv 8.48 393 434 2.53 5.54
Along-shore wind stress (N/m*)  Max —0.2308 —0.185 -0.2308  —0.143 -0.116
Min —54x1077  =54x1077  15x107°  1x10®  7x107¢
Mean —0.0094 —-0.0079 —0.027 0.0021 —0.0047
Stdv 0.047 0.047 0.059 0.034 0.04
Cross-shore wind stress (N/m*)  Max 0.309 0.185 0.309 0.200 0.206
Min 1107 —-1x107°  69x107°  1x107°  —68x107°
Mean 0.023 0.014 0.042 0.012 0.023
Stdv 0.059 0.055 0.075 0.038 0.057

observed, with a different range of oscillation (Sultan et al.,
1995; Afshar-Kaveh et al. 2020). Furthermore, depending on
the standard deviation values, the time series of RWL daily
averages indicated a noticeable increase in oscillation ampli-
tude in winter and autumn and a small oscillation in summer
and spring. Such behavior was observed in the central part of
the Red Sea (Sultan and Elghribi 2003). Correspondingly, the
atmospheric parameters exhibited noticeable variations both
seasonally and annually (Fig. 3B-E). AP reached its maxi-
mum and minimum limits during winter and summer, respec-
tively. The highest amplitude of oscillation in AP occurred in
winter and autumn, while the minimum occurred in summer
and spring (Fig. 3B).

Meanwhile, the maximum and minimum limits of AT oc-
curred in summer and winter, respectively. The highest oscil-
lation range of AT was in autumn and spring and the lowest in
summer and winter, as indicated by standard deviation values
(Table 3). Correspondingly, the maximum and minimum
values of ASWS occurred during spring and winter, respec-
tively. The highest oscillation range in ASWS was in spring
and winter and the lowest in summer and autumn, as indicated
by the standard deviation values (Table 3). Moreover, CSWS
reached the maximum limit in spring and the minimum in
summer (Table 3). According to standard deviation values,
the highest oscillation range in CSWS occurs in spring and
autumn and the lowest in summer and winter. It is worth

mentioning that the positive and negative values of ASWS
refer to the northwards and southwards directions, respective-
ly, while the positive and negative values of CSWS refer to the
eastwards and westwards directions, respectively.

Spectral analysis

Spectral analysis based on the fast Fourier transform (FFT) of
the daily averages for RWL and meteorological parameters
(AP, AT, and wind stress components) was conducted.
Figure 4 displays the energy spectrum distribution between
the different frequencies for RWL and the meteorological pa-
rameters. The time series of these variables were divided into
182 frequencies based on the original data sets. The lower
frequency of these ranges was at 3.17 x 10°® Hz (or 0.00274
CpD) and the upper frequency at 5.78 x 10~ Hz (or 0.5 CpD),
with an interval of 3.17 x 10 ® Hz. These frequencies are
equivalent to about 2-365 days. However, for every specific
frequency, the amplitude and phase were quantified.

Spectral analysis results for RWL indicated that the signif-
icant energy peak corresponds to its annual frequency, which
is equivalent to a period of 365 days, followed by the semi-
annual frequency at 6.34 x 10™® Hz and several peaks corre-
spond to other low frequencies until 2.89 x 10~° Hz. The en-
ergy spectrum decreases toward the higher frequencies (Fig.
4A). Meanwhile, the energy spectra for both AP and AT

@ Springer
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Fig. 3 The daily averages for RWL (A) and the corresponding atmospheric parameters (B—E)

exhibited sharp peaks at their annual frequency and small ones
at the semiannual frequency (Fig. 4B,C).

Conversely, the energy spectrum of ASWS revealed that
the significant peak does not concentrate at its annual frequen-
cy; rather, it corresponds to the frequency of 9.51 x 10 8 Hzor
121.25 days. Then, several peaks correspond to frequencies
ranging from 1.26 x 107 to 5.78 x 10~® Hz, with the most
significant peaks being equivalent to 60.82 days, 52.13 days,
33.17 days, 20.2 days, 14.6 days, 5.2 days, and 5.06 days (Fig.
4D). Correspondingly, the CSWS spectrum demonstrated two
sharp peaks concentrated at both the semiannual frequency as

@ Springer

well as at 5.708 x 10”7 Hz, which is equivalent to 20.2 days
(Fig. 4E). Furthermore, several peaks appeared in the energy
spectrum of CSWS, but the most significant were concentrat-
ed at frequencies equivalent to 60.82 days, 33.17 days, 28
days, 19.2 days, 15.2 days, 10.7 days, and 5 days.

Regression analysis

Regression analysis was carried out to investigate further the
response of RWL to atmospheric forces based on the monthly
and seasonal averages (91-day period for every season).
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Fig. 4 Distribution of energy spectrum between various frequencies for residual water level (A), atmospheric pressure (B), air temperature (C), along-

shore wind stress (D), and cross-shore wind stress (E)

Figure 5 displays the monthly averages for RWL, AP, AT,
ASWS, and CSWS. The calculation of the regression param-
eters was conducted with a 95% confidence interval.
However, the changes in monthly averages of RWL gave an
annual range of about 0.36 m for the sea level in the northwest
tip of the Arabian Gulf. The maximum and minimum heights
of RWL appear during summer (July) and winter (February),
respectively (Fig. 5A).

Correspondingly, the monthly averages of AP displayed a
pronounced annual cycle with the highest values during winter,
i.e., December with 1019.842 hPa, and the lowest values during
summer, i.e., July with 996.59 hPa (Fig. 5B). In contrast, the

monthly averages of AT fluctuated between the highest values
during summer and reached about 36.5°C and then dropped to
the lowest values in winter at 14.5°C (Fig. 5C). Meanwhile, the
analysis of recorded wind speed implied that it reached maxi-
mum speed during late spring and early summer (Fig. SD). The
dominant direction of the monthly averages of the ASWS is
southwards (negative values) during most months except in win-
ter (January and March) and summer (positive values). On the
other hand, the CSWS is directed eastwards (positive values)
throughout the year except in January and March, and when
the southeast wind dominates in the region, it is directed west-
wards (negative values) (Fig. S5E).
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Fig. 5 Monthly averages for RWL (A) and the corresponding atmospheric parameters (B—E)

Discussion

The statistical analysis results revealed that RWL and all the
corresponding atmospheric parameters displayed various
changes throughout the year; that is, they exhibited several
patterns of variations ranging from seasonal changes to rela-
tively short-term changes within each season (Fig. 3). The
maximum/minimum increase/decrease in the RWL seasonal
averages above the annual average was in the summer and
winter seasons, respectively. The difference in the seasonal
means of RWL between summer and winter was about 0.18
m (Table 3). The increase of the oscillation amplitudes of

@ Springer

RWL during the winter and autumn seasons was mainly cor-
related with the apparent rise in the AP oscillation range dur-
ing this time, particularly in winter. In contrast, the increase in
the AT oscillation range in autumn seemed to enhance the
fluctuation pattern of the RWL behavior.

Spectral analysis results (amplitudes and phases in addition
to the percent of variance) for the most significant frequencies
that correspond to the periods of 365 days, 182.25 days,
121.65 days, 91.24 days, 60.82 days, 52.13 days, 45.62 days,
36.49 days, and 33.17 days are shown in Table 4. The ampli-
tudes of RWL for both annual and semiannual cycles obtained
by the spectral analysis are comparable to those observed on
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the western side of the Arabian Gulf (Sultan et al. 1995; Sultan
et al. 2000).

However, the frequencies group ranged from 3.8 x 107" to
5.78 x 10 ® Hz, equivalent to 30 to 2 days; hereafter, we call it
high-band frequencies (HBFs). These frequencies appear to
have a significant contribution in both RWL and meteorolog-
ical parameters spectra. Table 5 shows the percent of variance
for the high-band residual water level (HB RWL) and the
meteorological parameters. From Tables 4 and 5, only about
21% of the RWL variation is due to the annual cycle, whereas
more than 60% of RWL variations have coincided with HB
RWL. Furthermore, the rest frequencies, equivalent to the
period between 182.5 and 33.17 days, participated with about
18.2% of the total variance in the RWL spectrum. Hence, the
time scale of RWL variations is ranging from about 2 days to 1
year.

The HB RWL was obtained by applying a high-pass filter
for the RWL daily averages with a cutoff frequency at 3.85 x
10~7 Hz. Similarly, the HBFs for the meteorological parame-
ters were obtained by applying the same filter for their daily
averages. The HB RWL changes seasonally; it is higher in the
winter than in the summer (Fig. 6A). However, HB RWL
seems to precisely behave oppositely to the original RWL,
increasing in the summer and decreasing in the winter. Such
behavior pattern of HB RWL could be attributed to the impact
of wind activity in this range of time, which masked the effects
of other forces. The HBFs for both components of wind stress
seem to be similar to their original daily averages (Fig. 6D,E).
Hence, the annual changes in the wind stress components
could be neglected compared to the greater changes that co-
incided with their HBFs.

The comparison of HBFs for both AP and AT with their
original daily averages confirmed that their highest variations
were basically due to the annual cycles (Fig. 6B,C).
Moreover, the comparison of the original daily averages of
AP with HB AP indicated that this parameter had the lowest
oscillation range during spring and summer and highest dur-
ing winter and autumn (Fig. 6B), confirming the aforemen-
tioned results found by the standard deviation values for AP
(Table 3). Correspondingly, the AT annual variance had the
greatest contribution in its spectrum and reached about 94% of
the total variance, while other cycles seemed to have an insig-
nificant effect.

The comparison between RWL and AP in terms of phases
(Table 4) indicated that these two variables are clearly inverse-
ly correlated at the annual cycle. Such a cycle accounts for
more than 87% of the total variance in AP. Hence, the AP
participated significantly in the annual variation of RWL.
Meanwhile, the HBFs AP accounted for only about 7.5% of
the atmospheric pressure variations. Comparing RWL and AT
in terms of phase revealed that they almost coincided at an
annual frequency, whereas no direct relation existed with oth-
er cycles. Consequently, the increase in the contribution per-
centage of the meteorological tide in the observed water level
during summer and winter (Table 2) could be mainly attribut-
ed to the annual variations in both AP and AT.

Furthermore, more than 76% of the variance for both com-
ponents of the wind stress was associated with the HBFs cycle
(Table 5). For the ASWS, the annual cycle seemed not to have
any contribution to the total variance. On the other hand, the
frequencies equivalent to 121.65 days and 33.17 days exhib-
ited a minor contribution of 5.5% and 4.5%, respectively.

Table 4 Amplitude, phase, and percentage of variance for significant frequencies for RWL and atmospheric parameters

Variables Parameters ~ Frequency (Hz)
3.17x107° 6.34x107° 9.51x107% 1.26x1077 1.90x1077 2.21x1077 2.53x1077 3.17x1077 3.48x107’
Residual water level Amp (m) 0.1105 0.031 0.038 0.045 0.044 0.024 0.035 0.024 0.031
Phs (degree) 163.87 305.62 133 262.26 311.39 203.94 64.21 222.32 62.42
Var (%) 21.23 1.75 2.63 3.53 3.39 1.04 2.17 1.03 1.68
Atmospheric pressure ~ Amp(hPa)  11.08 2.19 0.52 0.63 1.12 0.26 0.2 0.1 0.33
Phs (degree) —111.77  120.47 259.37 179.19 163.26 40.28 —49.03 —158.52  —236.25
Var (%) 87.2 342 0.19 0.28 0.89 0.04 0.03 0.07 0.07
Temperature Amp (°C) 11.59 1.752 0.62 0.15 0.46 0.38 0.33 0.31 0.39
Phs (degree) 158.31 130.18 148.83 174.64 46.18 13.96 47.39 114.44 -10.42
Var (%) 93.63 2.13 0.270 0.01 0.14 0.1 0.1 0.07 0.07
Along-shore wind stress Amp (N/m®) 0.007 0.008 0.015 0.006 0.012 0.012 0.007 0.004 0.014
Phs (degree) 60.56 -117.23  -273.03 —148.8 —41.78 -161.62 —291.02 —85.73 -269.18
Var (%) 1.12 1.47 5.51 0.84 3.47 3.51 1.2 0.404 4.53
Cross-shore wind stress Amp(N/m?)  0.006 0.022 0.012 0.012 0.016 0.01 0.008 0.005 0.014
Phs (degree) —161 -330.71 -127.07 25442 —209.57 —28.53 —98.08 -323.15  -=70.35
Var (%) 0.55 7.28 2.1 2.14 3.82 1.71 0.99 0.41 2.87
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Table 5 Percent of variance explained by high-band frequencies (3.8 x 107 to 5.78 x 10~° Hz) for RWL and atmospheric parameters

Variable Residual water level Atmospheric pressure Air temperature Alongshore wind stress Cross-shore wind stress

Variance (%) 60.4 7.5 2.8 76.94 76.07

Conversely, the semiannual cycle for the CSWS seemed to  percentage exceeding 7%. Corresponding to the annual cycle,
have a little contribution to the total variance, with a  comparing RWL and ASWS in terms of phases (Table 4)
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Fig. 6 Comparison of the original daily averages (blue) with high-band frequencies group (red) for RWL (A) and the corresponding atmospheric
parameters (B-E)
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revealed the presence of the phase lag between these two
variables; however, the relationship between them is more
positive. Regarding the CSWS, the two variables appear to
be inversely correlated (180 out of phase). However, based
on the higher variance percentage associated with the HBFs
for RWL and both components of wind stress, it is evident that
the fluctuations in RWL in this range of time basically coin-
cided with the wind regime in the area.

Moreover, based on the regression analysis results, the
comparison of monthly averages for RWL and AP indicated
that the two variables are inversely related (Table 6). The
theoretical hypothesis about the sea-surface and AP assumes
that with every 1 hPa increase in air pressure, the sea-surface is
lowered by 0.01 m and vice versa (Roden and Rossby 1999).
The calculations indicated a high correlation between the
monthly averages for RWL and AP with a correlation coeffi-
cient of —0.89. The regression coefficient of 0.011 m/hPa is
approximately equal to the value supposed by the theoretical
hypothesis. Unlike the response of the sea level in the Red Sea
to AP, the sea-surface in the northwest tip of the Arabian Gulf,
on a monthly basis, responds to AP approximately as an in-
verse barometer. A similar result was observed in the western
coast of the Arabian Gulf (Sultan et al. 1995; Sultan et al.
2000). The comparison of the monthly averages for RWL
and AT indicated a positive correlation between them
(Table 6). The regression analysis between these two elements
resulted in a correlation coefficient of 0.7. The comparison of
monthly averages of RWL and ASWS implied a positive cor-
relation (Table 6), meaning the southward wind lowers the

sea-surface, whereas the northward wind raises it.
Obviously, the southward components of the wind stress ap-
pear to depress the sea-surface of the Arabian Gulf by drag-
ging the water masses toward the Gulf of Oman. In contrast,
the northward component has an opposite action and acts to
raise the sea-surface in the Arabian Gulf. As for the CSWS, a
negative correlation coefficient with RWL was observed
(Table 6). Eastward wind lowers thesea-surface, whereas the
westwards wind raises it.

However, the regression analysis based on the seasonal
variations (short-term changes) exhibited a significant differ-
ence in the response of RWL to variations in atmospheric
parameters between seasons. In winter, a relatively high cor-
relation existed between RWL and AP, CSWS, and ASWS,
respectively (Table 6). The regression coefficient between AP
and RWL of 0.028 m/hPa showed that there was a high re-
sponse of RWL to this variable and that the RWL changes are
about three times those predicted by the theoretical hypothe-
sis. In winter, the high air pressure area covers the entire
Arabian Gulf, coinciding with the decrease in AT, leading to
a significant depression in the sea-surface in the Arabian Gulf.
Furthermore, both ASWS and CSWS seem to have a relative-
ly significant effect on RWL during this season, particularly in
February, when RWL is clearly lowered (see Fig. SA). This
corresponds to a relatively high southward ASWS and east-
ward CSWS, so the decrease in RWL could be attributed to
the effect of AP and the wind pattern in this period.

Furthermore, during spring, minor effects of both AP and
AT on RWL were observed, confirmed by a relatively low

Table 6 Regression analysis for RWL and the corresponding atmospheric parameters based on the seasonal and monthly averages

Parameter Statics Analysis basis
Monthly means  Season
Winter Spring Summer Autumn
Atmospheric pressure  Regression 11.253-0.011 AP 28.461-0.028 AP 14.158-0.014 AP 19.235-0.019 AP 7.678-0.0076 AP
equation
Correlation -0.89 —0.65 —0.46 —0.64 —0.52
Standard error 0.048 0.136 0.134 0.095 0.158
Air temperature Regression —0.23+0.0086 —0.322+0.016 AT —0.299+0.0098 —0.75540.024 AT -0.334+0.011 AT
equation AT AT
Correlation 0.7 0.36 0.28 0.5 0.4
Standard error 0.075 0.168 0.1455 0.107 0.147
Along-shore wind Regression 0.01+4.63 —0.048+1.79 0.038+1.3 CSWS  0.109+1.32 —0.051+0.603
stress equation ASWS CSWS CSWS CSWS
Correlation 0.3 0.47 0.51 0.36 0.48
Standard error 0.10 0.15 0.13 0.11 0.16
Cross-shore wind stress Regression 0.01-0.95 CSWS -0.035-1.91 0.048-1.07 CSWS 0.119-0.58 —0.046-0.35 CSWS
equation CSWS CSWS
Correlation -0.17 -0.59 —-0.53 —0.18 —0.44
Standard error 0.10 0.14 0.12 0.12 0.16
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correlation coefficient (Table 6). In early spring, the RWL
appears to be low (Fig. 5A), although it starts to increase in
late winter. The lowering of RWL could be particularly asso-
ciated with the intensification of the southward ASWS and
eastward CSWS at this time, confirmed by the increased cor-
relation coefficients between RWL and wind components in
this period (Table 6). In late spring, minor effects of the wind
stress components on RWL were observed. The southward
ASWS and eastward CSWS reached their maximum limits
during June, whereas RWL was not affected by the increase
in the wind components, which was expected to lower RWL,
due to the increased influence of both AP and AT in late
spring. Hence, the effect of the wind pattern could be masked
by the increasing effect of both AP and AT during this time.

Moreover, during summer, a relatively high correlation
was observed between RWL and both AP and AT (Table 6).
A combined effect of AP and AT, which reached their mini-
mum and maximum limits, respectively, during July, in addi-
tion to the ASWS directed northwards, enhanced RWL for a
rising to its highest limit at this period. In late summer, AP
began to rise again, while AT seemed to decrease and ASWS
direction returned southwards. The changes in these influenc-
ing parameters led to the rapid decrease in RWL from mid to
late summer. Furthermore, the RWL seemed to be steady dur-
ing early autumn, and then, starting from the mid-season, it
dropped rapidly. However, during mid-to-late autumn, a rapid
increase in AP and a rapid decrease in AT were observed (see
Fig. 5). Correspondingly, the southwards ASWS started to
weaken, whereas the eastwards CSWS seemed to strengthen
during the second half of the season. This pattern of variations
in these influencing factors led to a considerable drop in the
RWL during late autumn.

Conclusions

Harmonic analysis results of water-level records in the Iraq
marine water revealed that the tidal phenomena were respon-
sible for about 90% of the annual variation of the sea-surface,
whereas the rest of the changes are mainly related to the im-
pact of atmospheric forces on the region. The relative contri-
bution of the astronomical and meteorological tides in the
observed water level varies monthly and seasonally.
Statistical and spectral analyses for the daily and monthly
averages of RWL and atmospheric parameters showed the
presence of annual and relatively short-term variations. The
maximum ranges for daily and monthly averages RWL were
1.08 m and 0.36 m, respectively. The highest and lowest limits
of RWL were in summer and winter, respectively.
Short-term variations of RWL have basically coincided
with the HBFs for ASWS and CSWS. Therefore, the effect
of the wind regime in the region could be responsible for the
short-term variations in RWL. At the same time, the annual

@ Springer

variation in RWL has mainly coincided with the changes in
the AP and AT.

Furthermore, the regression results indicated that the influ-
ence of the individual atmospheric parameters on RWL varies
seasonally. The maximum and minimum effects of AP on
RWL were during winter and spring, respectively.
Correspondingly, the maximum and minimum effects of AT
on the RWL were during summer and spring, respectively.
Meanwhile, the maximum and minimum effects of ASWS
were during spring and summer, respectively, whereas those
of CSWS were during winter and summer, respectively. It is
worth noting that the results obtained in this study were based
on relatively short data records. Hence, the availability of long
data records in the future could give a more accurate descrip-
tion of the behavior of the sea-surface fluctuations in this
region.
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